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Abstract 
 
In recent times concern has grown over the effects of climate change on the environment 
and interest has grown in improving renewable resource technologies. To reduce the impact 
of thermal power plants on fresh water resources, Natural Draft Dry Cooling Towers 
(NDDCT) can be utilised to reject heat to the environment. 
Previous research has shown that NDDCTs are an effective cooling technology, which can 
be used in most thermal power plants. However, these power plants experience significant 
reductions in power generation capacity during periods of high ambient temperatures. One 
proposed method is to reduce the impact of high ambient temperatures is spray cooling. 
Water spray is employed to pre-cool the inlet air to improve the performance of dry cooling 
towers in hot weather conditions.  
In other studies, water spray has been used to pre-cool the inlet air of the NDDCT due to its 
simple design and lower initial cost, it also increased power plant efficiency and drastically 
reduced the amount of water consumed when compared to wet cooling towers or other 
evaporative cooling methods. Spray cooling technology has been successfully applied in 
gas turbines however; little attention has been given to applications involving small scale 
NDDCTs. Other researchers had proposed that saline water from sources such as Coal 
Seam Gas (CSG) provided increased benefits when used in spray cooling systems. To 
determine the suitability of replacing fresh water with saline water for spray cooling an 
experimental setup was designed in the current study. 
Three different water sources were examined in the current study – fresh, saline and Coal 
Seam Gas water. A comparison between nozzles using fresh and saline water was created 
by developing 3D models and testing in a wind tunnel. The results showed an increase in 
cooling efficiency if saline water is selected as the water source, however cooling efficiency 
could be increased more significantly by selecting the more appropriate orientation of the 
nozzle with regards to the airflow. Provision was made at the end of the wind tunnel to 
capture solid particles. The presence of solid particles was found. These particles would 
increase the fouling and possibly the corrosion rate of heat exchanger surfaces. 
In addition to the models developed to determine the suitability of using spray cooling for 
NDDCTs, this study also considered the possibility of using NDDCTs to achieve other goals 
of preserving the environment. In particular the dual use of evaporative media, as an 
evaporative cooler for the NDDCT and a wet scrubber for a Direct Air Capture system, was 
examined. Renewed interests are focusing on developing new technologies to directly 
capture CO2 from the atmosphere. Traditional designs of Direct Air Capture contactors 
iii 
require significant amounts of electrical energy to process the large volumes of air. Since 
natural draft dry cooling towers (NDDCT) used in thermal power plants (which work by 
means of the stack effect) draws large amount of atmospheric air for power plant cooling 
without consuming electricity, the device (NDDCT) could be used at the same time for CO2 
capture without additional cost. This study is to determine if it is possible to utilise NDDCT 
operating in a power plant to provide the required airflow for a Direct Air Capture contactor 
component. A proposed design is included by adding evaporative cooling media around the 
base of a NDDCT. A 1D model was developed in MATLAB to calculate the airflow through 
a NDDCT considering the additional pressure losses due to the added resistance from 
evaporative cooling media. Based on the analysis for a 200MW power plant cooling system, 
a total of about 27000 t CO2 can be captured per year without any negative effect on the 
power plant performance. 
This thesis has developed an improved understanding of the suitability of saline water usage 
for spray cooling in NDDCTs. This study shows that saline water can be utilised in spray 
cooling to preserve fresh water resources. This thesis also shows that NDDCTs can be 
utilised to capture carbon dioxide from the air by using a sodium hydroxide solution. 
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CHAPTER 1  Introduction 
1.1 Motivation 
The Queensland Geothermal Energy Centre of Excellence has been conducting research 
into renewable energy and improving the performance of these resources. Geothermal 
energy could be considered an excellent candidate to provide emission-free electrical power 
and support attainment of the Renewable Energy Target set by Australian Government 
which was set at 33,000 GWh in 2020 [1, 2]. 
In a study, He et al. [3] summarised the efficiencies of different types of power plants. They 
found that combined steam-and-gas-turbine plants had thermal efficiencies higher than 50% 
whereas binary cycle geothermal plants had thermal efficiencies between 10% and 13%. 
They concluded that the heat rejection rate per unit power for geothermal power plants 
therefore had to be higher, which means increased cooling capacity is required for the same 
net power generation. They also concluded that the availability of water in arid areas was a 
limiting factor on which cooling technology could be used, dry cooling was often the only 
alternative. They noted that the performance of dry cooling was reduced during hot ambient 
temperatures as dry cooling relies on convective heat transfer rather than the evaporation 
of water and the reduced cooling performance meant a decrease in the thermal efficiency 
of the power plant, therefore a system is required that could pre-cool the air used in dry-
cooling. 
In a similar study, researchers[4] analysed the performance of an air cooled binary 
geothermal power plant in the US by considering seasonal climate changes. They found 
that as the ambient air temperature increased throughout the year, the power output could 
be decreased by up to 50%. They determined that evaporative cooling could be used to cool 
the incoming air to the wet-bulb temperature and thereby the power output could be 
increased by up to 29%. 
Typically, evaporative cooling is realised using fresh or purified water which is expensive, 
however non-freshwater sources could be available. One example of a water source that 
could be used in evaporative cooling in regional Australia is Coal Seam Gas (CSG) as 
proposed by Sadafi[5]. However, to date, no direct comparisons of the utilisation of fresh 
and saline water sources have taken place. 
This project is novel because saline water is directly compared (both numerically 
experimentally) to fresh water for use in spray-assisted dry cooling systems, and numerical 
and experimental results show better cooling performance when saline water is used instead 
of pure water. 
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1.2 Background and Literature review 
1.2.1 Summary 
The QGECE has been studying small renewable power plants to determine if a natural draft 
dry cooling tower (NDDCT) is a cost-effective cooling technology which can be utilized as 
noted by Li et al[6]. Alkhedhair et al.[7] noted in their study that NDDCTs are gaining 
popularity for a number of reasons such as water consumption restrictions, environmental 
restrictions and the flexibility of plant site selection. 
Tanimizu[1] conducted a CFD analysis on the performance of a small scale Natural Draft 
Dry Cooling Tower (NDDCT) and compared their results with experimental and theoretical 
data. They found that their model was able to accurately predict the complex flows 
associated with NDDCTs. 
To better understand some of the results from previous studies, the definition of spray 
cooling efficiency should be explained. It is defined as the ratio of the actual air temperature 
drop to the maximum possible temperature drop as shown in Equation 1[8].  
 
𝜂 =  
𝑇𝑑𝑏𝑖 − 𝑇𝑑𝑏𝑜
𝑇𝑑𝑏𝑖 − 𝑇𝑤𝑏
 
(1) 
Where 
𝑇𝑑𝑏𝑖 is the inlet dry bulb temperature. 
𝑇𝑑𝑏𝑜 is the outlet dry bulb temperature. 
𝑇𝑤𝑏 is the wet bulb temperature. 
 
Alkhedhair [7] conducted a study to determine the spray characteristics of different hollow 
cone nozzles and how these characteristics related to the cooling efficiency and evaporation 
rate of pure water sprays. Their study was conducted due to a lack of available information 
surrounding spray cooling in typical NDDCT conditions. They found that spray dispersion, 
droplet size distribution and air velocity were linked to cooling efficiency. The data they 
obtained formed a database that was used as part of the current study. 
Sadafi [9] built a model to predict the heat and mass transfer of a single saline water droplet. 
The model that they proposed breaks the evaporation process into 4 different stages (Shown 
in Figure 1), these stages are; 
 The droplet adjusting its temperature to that of the wet bulb temperature of the 
surrounding air 
 An approximately isothermal process in which water evaporates the droplet size 
decreases and the solid concentration increases. 
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 Once a critical concentration occurs (depending on the initial salinity of the droplet), 
solid crystals start to form in the droplet 
 The fourth stage starts when a solid crust forms around the droplet and this crust 
increases in thickness. The crust is assumed to be porous allowing remaining water 
to diffuse and letting the crystal dry completely (shown in Figure 2). 
 
Figure 1 Stages of Evaporation of a solid containing water droplet[9] 
 
Figure 2 Cross sectional image of NaCl using scanning electron microscopy [9] 
Their model was validated experimentally and with results available in the literature. A 
variety of different initial conditions including ambient conditions and saline concentrations 
were studied. In the study droplets with a radius of 500 μm and an initial concentration of 
3%w/w were studied and it was found that when compared to a pure water droplet, the net 
energy required to evaporate the droplet is decreased by 7.3% and the time required to 
evaporate the droplet is reduced by 17%. When further studies were carried out with higher 
initial concentrations it was found that net energy required for evaporation was reduced even 
further. The authors therefore concluded that saline water droplets evaporate faster than 
pure water droplets and would therefore be favourable in spray cooling applications. 
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Sadafi [10] presented in a paper the scanned electron microscopy results showing different 
crystal structures (Figure 3) that are formed due to different evaporation rates by varying the 
ambient temperatures. 
 
Figure 3 Scanned electron microscopy images of NaCl crystals created from evaporation experiments (a) slow evaporation and (b) 
fast evaporation [10] 
Sadafi [11] conducted a study to partially verify their CFD simulations of a single spray of 
saline water in a wind tunnel. It was found that saline water sprays could decrease the 
temperature of the incoming air by up to 13.5°C in the middle of the spray stream at a 
distance of 2m from the nozzle, however as the distance from the nozzle increased, the 
minimum temperature decreases and the affected area increases as shown in Figure 4. 
 
Figure 4 Contours of temperature and relative humidity for simulated conditions [11] 
The authors also carried out a sensitivity analysis and found that the initial droplet size and 
the water mass flow rate had the most profound effect on the wet length (distance from 
nozzle to where last droplet is evaporated) and cooling efficiency, respectively. 
Sadafi[10] carried out a study to compare saline water sprays with pure water sprays. They 
were able to demonstrate that the wet length of the saline water spray could be 29.8% 
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shorter than that of the pure water spray. Their study also shows that at the same distance 
from the nozzle, the saline water spray exhibits a lower volume of water droplets, lower 
mean temperatures and a higher cooling efficiency. Their conclusion was that saline water 
spraying would provide superior evaporation in spray cooling applications. 
In a further study by Sadafi[12] the effect of different nozzle arrangements were determined, 
cooling efficiency could be improved by 2.9% by selecting the optimal nozzle configuration. 
The work done by Sadafi is of great importance to the current study as it forms the basis of 
the saline water section of this study. 
The end objective of the studies carried out at the QGECE testing facilities, is to determine 
if saline water would be suitable to use in small scale NDDCTs. The NDDCT testing facility 
constructed by QGECE is described in a conference paper [13]. The aim of the facility is to 
test the viability of short NDDCTs in real conditions. The testing facility also has the option 
to install a spray cooling system to test the efficiency of such systems. The tower is fully 
instrumented in both the water- and air-flow paths. Findings of interest for the current study, 
from the paper are: the ambient conditions at the site (which will be simulated in the wind 
tunnel), the temperature varied from near 0°C to over 35°C and the relative humidity is 
usually in excess of 30%. The authors also noted that the wind speed usually exceeds 
10km/h and peaks as high as 65km/h were experienced since the facility was constructed. 
The weather profile of the facility is shown in Figure 5 
 
 
 
Figure 5 Weather profile at NDDCT test facility, Gatton 
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1.2.2 Dry cooling systems 
1.2.2.1 Benefits of dry cooling systems 
In power plants, excess heat is generated, to remove this excess heat from the system two 
types of cooling alternatives exist, wet cooling and dry cooling.  
Hawlader & Liu carried out numerical studies on wet cooling towers, they found that up to 
90% of the heat rejection in wet cooling towers is by the evaporation of the cooling water[14]. 
Wet cooling is more efficient than dry cooling, however due to the limited availability of fresh 
water and other environmental conditions, such as those present in the Australian desert, 
dry cooling is often utilised. Dry cooling also has other potential economic benefits such as 
plant siting flexibility which may be restricted due to water conservation and environmental 
protection measures. Dry cooling systems can either be fan-driven or driven by natural drafts 
due to buoyancy effects present in a cooling tower. Constructing a NDDCT may incur higher 
initial capital outlay, however the operating costs for fan-driven systems are higher as they 
require more maintenance and cause parasitic losses when the fans are running.[1, 15, 16] 
When comparing dry cooling and wet cooling systems, it should be noted that dry cooling 
relies on convective heat transfer and could therefore be unable to maintain the design plant 
output during high ambient temperatures. These high temperatures could coincide with peak 
system demand which further reduces the profitability of using dry cooling technology [17]. 
One method of improving the heat transfer rate of dry cooling systems is to provide a system 
that is capable of pre-cooling the inlet air[15]. In an economic study, Ashwood and 
Bharathan showed that by using spray cooling as pre-cooling, the power generation rate 
could be increased by 14% if the inlet air is cooled by 7.5°C [18]. The study continued on to 
find that if the operating hours of the spray cooling system was limited to 1000 hours per 
year, the water consumption would be 3.5% of a fully wet-cooled plant. 
Similarly He et al [3] developed three different numerical models to compare the heat 
rejection rate and water consumption for the three different cooling tower technologies, 
namely natural draft wet cooling tower (NDWCT), natural draft dry cooling tower (NDDCT) 
and NDDCT with pre-cooling. The study showed that pre-cooling could improve the heat 
rejection rate by up to 46% and that pre-cooling consumed 70% less water for every MW 
heat rejected when compared to wet cooling (Figure 6 and Figure 7). 
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Figure 6 The (a) air mass flow rate and (b) heat rejection rate of the three cooling towers [3] 
 
Figure 7 The water evaporation rate of the three cooling towers [3] 
In a different study by Nápoles-Rivera et al, it was highlighted that by using sea water for 
cooling purposes in a wet cooling tower configuration, the operating costs associated with 
cooling could be decreased by up to 49.69%[19]. 
Building on all these studies, Sadafi et al proposed that saline water could be used as cooling 
medium in a spray cooled NDDCT as it would combine the low operating costs associated 
with using saline water while still using less water than a NDWCT and thus reducing the 
pressure placed on fresh water resources [11]. 
An important economic consideration when selecting the appropriate cooling technology, is 
the initial capital cost and what the payback period would be for the selected system. In a 
study conducted by the Electric Power Research Institute it was estimated that up to 75% 
of the lost output due to high ambient conditions could be recovered by using a spray cooling 
system if the spraying time was limited to 1000 hours per year. The authors also claimed 
that payback periods for dry cooling systems fitted with spray cooling systems could be less 
than one year depending on the price of power during peak demand periods [17]. 
In a similar study, Maulbetsch and DiFilippo considered a dry cooling system in the Western 
United States and found that spray cooling could be used for approximately 300 hours a 
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year if the spray cooling requirement is 10°C and that in the power plant under consideration, 
nearly 2000 megawatt-hours (MWh) could be recovered. At the time of the study, the authors 
showed that even if a new Reverse Osmosis plant is required to purify the spray cooling 
water, a breakeven price for power of 200US$/MWh would be required to justify the 
construction of such a system, which was well below the market price for power [20]. 
1.2.2.2 Limitations of dry cooling systems 
A few of the studies already considered have shown that high ambient temperatures 
negatively affect the performance of dry cooling and therefore the efficiency of the power 
plant that they are attached to[17, 20]. This can be explained by examining the equation for 
Carnot efficiency 
 
 
𝜼 = 𝟏 −
𝑻𝒄𝒐𝒍𝒅
𝑻𝒉𝒐𝒕
 
(2) 
 
The temperature in the equation refers to the temperature of the cold sink and hot source 
separately in the cycle. 
The equation clearly shows that an increase in the cold sink temperature would decrease 
the efficiency of the cycle. 
In the binary geothermal power plant that Kanoğlu[4] studied, they found that the power 
output decreases by up to 50% from winter to summer due to the change in ambient 
temperatures.  
While considering an Enhanced Geothermal System (EGS) power plant using an Organic 
Rankine Cycle cooled by a NDDCT [21] it was found that the maximum power generation 
variation during the year would be 31% due to seasonal changes in ambient air 
temperatures. 
Li et al [6] used the information provided by Kröger [15] to develop a 1-D numerical model 
to predict the performance of a NDDCT, their findings were that the model compared well 
with a 3-D model and data gathered from the industry. The findings from their study is 
important to the current study as it showed that the 1-D model can be used to predict the 
performance of the NDDCT. Their study also showed that an increase in inlet water 
temperature improves the heat rejection and air mass flow rate of the tower (Figure 8 and 
Figure 9). It should be noted that their study was conducted with the aim of determining the 
effect of crosswinds on the tower and they did find that crosswinds had a significant impact 
on the tower (Figure 10) which does hold implications for the current study as crosswinds 
could affect the performance of the spray cooling system. 
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Figure 8 The air mass flow rate of the Gatton NDDCT at different ambient temperatures [6] 
 
Figure 9 The heat rejection rate of the Gatton NDDCT at different ambient temperatures[6] 
 
Figure 10 Heat rejection ratio and air mass flow rate at different crosswind conditions [6] 
10 
In a similar study He et al [16] developed a model to predict the outlet air temperature of a 
NDDCT that is pre-cooled using evaporative media. The results from the study showed that 
the effect of pre-cooling improved as the ambient temperature increases for a given relative 
humidity (Figure 11). When the model is run without pre-cooling, there is a decrease in air 
mass flow rate and a decrease in the temperature difference between the air and the water 
in the heat exchanger, which causes a reduction in the total heat rejection rate. The 
evaporative medium used in the simulation also introduces an additional pressure drop in 
the system, which reduces the air mass flow rate. However due to an increase in 
temperature difference between the air and water in the heat exchanger, the total heat 
rejection rate of the tower is increased. The pressure drop due to the evaporative medium 
introduces a certain critical temperature, where pre-cooling impedes the tower operation 
instead of improving it. This critical temperature does vary with the ambient relative humidity 
(Figure 12). 
 
Figure 11 The (a) air mass flow rate and (b) heat rejection rate of the NDDCT (RH =20%)[16] 
 
Figure 12 The (a) air mass flow rate and (b) heat rejection rate of the NDDCT (RH =60%)[16] 
In a similar study He et al[22] considered evaporative cooling media generally used in other 
areas such as greenhouses to provide pre-cooling in a NDDCT. The graphs clearly show a 
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decrease in the air mass flow rate of the tower due to an increased pressure drop and thus 
a decrease in the heat rejection rate which the lower temperatures of the pre-cooling cannot 
negate (Figure 13). This higher pressure drop thus causes a critical ambient temperature 
whereby pre-cooling with evaporative media hinders the performance of the cooling tower 
instead of improving it.  
 
Figure 13 The (a) air mass flow rate and (b) benefit efficiency of the NDDCTs (with CELdek5090 pre-cooling)[22] 
 
1.2.3 Improving dry cooling system performance 
To minimise the impact that high ambient temperatures have on dry cooling systems, a 
variety of solutions are available as reported by Kröger[15]. These solutions include 
combining wet and dry cooling systems, deluge enhancement and inlet air pre-cooling. Inlet 
air pre-cooling  is recommended due to rising energy costs and water scarcity. 
Deluge enhancement is a method of increasing the heat transfer rates of the heat exchanger 
bundles present in dry cooling systems by introducing water onto the fins of the heat 
exchanger. The water then runs in a thin film across the fins in a counter-flow configuration 
with the air. Due to the evaporation of the water, the heat transfer coefficient is increased 
[17]. However, this configuration requires the direct contact of the water with heat exchanger 
bundles and would therefore not be suitable for the current study. 
In a study relating to the performance enhancement of air-cooled condensers [17], the 
authors noted that inlet air spray cooling has the advantages of lower water usage, modest 
initial cost, as well as the ability to be retrofitted to systems that have already been 
commissioned. However, the potential disadvantages include the probability for scaling and 
corrosion of the heat exchanger bundles due to droplets that aren’t completely evaporated. 
The study also noted that any droplets that do not evaporate and do not remain in the 
airstream, which was termed “rainback”, could cause maintenance issues if not collected 
and recycled. The purpose of their study was to determine if moderate-pressure, higher flow 
12 
nozzles could be used to pre-cool the air instead of high-pressure, low flow nozzle systems 
which require more energy to operate. The study found that these higher flow nozzles 
provided adequate cooling with acceptable levels of rainback. Importantly, the study found 
that the cooling effect was a strong function of the ambient wet bulb depression and spray 
flow rate. Spray cooling should be considered when the ambient dry bulb temperature 
exceeds 32°C and the relative humidity is lower than 40%, in these conditions a cooling 
effect of 80% of the maximum wet bulb depression could be expected. 
 
1.2.4 Inlet air pre-cooling  
The QGECE has been studying different alternatives to improve the pre-cooling of ambient 
air that will be used in a NDDCT. 
To determine the pressure drop and cooling efficiency, a study was conducted in a wind 
tunnel with different types of cellulose and Polyvinyl Chloride (PVC) corrugated media. The 
study found that the pressure drop and cooling efficiency depended on the medium 
thickness, air velocity and water flow rate. The study found that cooling efficiencies up to 
90% were realisable. The study also determined if any water would be entrained into 
airstream by placing water sensitive papers into the airstream for certain periods of time, it 
was found that the cellulose media had negligible water entrainment while water droplets 
were found at even low velocities with the PVC media[23]. 
A similar study in a wind tunnel using trickle media to provide the pre-cooling effect was also 
conducted (He et al., 2015). The study found that the cooling efficiency achieved was lower 
than that provided by the cellulose media from other studies, it should also be noted that the 
pressure drop over the trickle media was lower than that of the cellulose media and that 
severe water entrainment was observed during testing. 
As previously noted, [16] a study considered if the use of cellulose media could provide the 
necessary surface area for the water to evaporate from. Important findings from their study 
were that due to the additional pressure drop caused by the media present in the air stream, 
a critical temperature is present where the pre-cooling hinders the operation of the NDDCT 
instead of improving it, however pre-cooling is still desirable at high ambient temperatures. 
The results from these studies compared well with a previous study conducted using a 
proprietary media found commonly in a NDWCT to provide the surface area for the water to 
evaporate from [22]. 
1.2.5 Saline water usage in evaporative cooling systems 
Saline water that would otherwise be wasted in spray cooling can be used to improve power 
generation efficiency as well as conserve fresh water supplies [11]. 
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While comparing fresh water and saline water sprays in a numerical study, Sadafi et al [10] 
argued that due to the increased density of the saline water droplet while evaporating, the 
saline water droplet’s resistance would increase and therefore saline water droplets would 
evaporate faster than pure water droplets schematically shown in Figure 14. The faster 
evaporation rates would also reduce the wet length of the nozzle as can be seen in Figure 
15. 
 
Figure 14 Schematic comparison of upward movement of gas control volumes (square boxes) and droplets (circles) between pure 
and saline water. Increasing density for the saline water results in a higher relative velocity, Vr, and thus reduces droplet transport 
in the vertical direction [10] 
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Figure 15 Performance comparison of saline and pure water nozzles. Mean values are based on a 3 m diameter disc positioned 6 m 
from the nozzle. Wet length, Lwet,is based on entire domain. [10] 
While the use of saline water to pre-cool the inlet air of a NDDCT could be beneficial, 
particular consideration should be paid to potential negative consequences. Sadafi et al [10] 
also noted that due to the dissolved salt the potential for nozzle blockages should be 
considered as a risk when using saline water as spray cooling fluid.  
An important consideration would have to be the potential corrosion of the heat exchanger 
bundles. In their study related to spray cooling using saline water [10], the authors propose 
that Coal Seam Gas (CSG) water could be used to pre-cool the inlet air of a NDDCT. While 
studying the water present in the Bowen Basin in Queensland, Australia [24] the authors 
found that the primary dissolved salt is NaCl (84% mass based) and that physical properties 
of the other dissolved salts could be considered equivalents due to their similarities. In a 
study conducted by Liu, Li and Wang [25], the authors found that the corrosion process 
would be accelerated due to the presence of both NaCl and water vapour. 
Sadafi and Hooman [26] investigated the probability that wet saline water droplets would 
collide with heat exchanger bundles with numerical simulations. Three different scenarios 
for the droplets are defined, the droplet is wet, the droplet is semi-dry and the droplet has 
fully dried and formed a crystal. In their study, the effects of the air temperature on the wet 
length (start of scenario 3) is studied. As Figure 16 shows, an increase in air temperature 
leads to a decrease in wet length. 
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Figure 16 Presence of the dry stream for 30 °C, 40 °C, and 50 °C gas temperatures 
1.2.6 Factors impacting water evaporation rates 
While studying spray cooling in air cooled condensers, in an attempt to eliminate droplet 
carryover, Maulbetsch and DiFilippo [17, 20] considered the use of demisters. However, 
their studies found that due to the increase in the pressure drop in the system for the duration 
of the year and not just when spray cooling is utilised, demisters would not be a viable option. 
Chaker et al found that using demisters in a gas turbine fogging system would have a similar 
negative impact on power production [27]. 
Alkhedhair et al [7] proposed that under certain circumstances, all the water from a spray 
cooling system could be evaporated to prevent water carry over. Their study found that spray 
droplet size distribution was a major parameter that affected evaporation efficiency. Other 
factors that affected the evaporation efficiency were (a) cone angle, (b) injection rate, (c) 
droplet velocity, (d) injection direction, (e) ambient conditions 
In studies relating to the pre-cooling of inlet air of gas turbines, Chaker et al [28] found that 
heat and mass transfer occurred at the interface between the droplet and air. The main heat 
and mass transfer mechanisms were convection and diffusion. They also found that ambient 
conditions and droplet characteristics had the largest effect on the evaporation rate. 
While studying spray cooling on an actual air cooled condenser, Maulbetsch et al [20] 
observed that the strength and direction of the wind near the air cooled condenser had a 
considerable impact on the behaviour of the spray and therefore had to adjust the location 
of their nozzles accordingly. Their study also noted that to limit any rainback and therefore 
heat exchanger bundle wetting, the cooling effect of the spray cooling system would have 
to be limited to 10°C for the conditions under consideration. 
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Sadafi et al [11] studied the use of saline water sprays in a wind tunnel and conducted a 
sensitivity analysis on several parameters affecting the wet length of the sprays by varying 
each parameter by 10%, which can be seen Figure 17. 
 
Figure 17 Influence of initial and ambient conditions on the wet length [11] 
Figure 17 clearly shows that the initial droplet diameter has the largest effect on the wet 
length of the spray, this is due to the increased surface area available for heat transfer. 
However, it should be noted that in their study a specialised nozzle was used that allowed 
the droplet diameter to remain constant while the mass flow is increased. In the present 
study the mass flow will also have an effect (an increase in mass flow will decrease initial 
droplet diameter) on the droplet diameter due to the nature of the nozzles that will be used. 
It can also be seen from the graph that variables such as ambient temperature and humidity 
has a large effect on the wet length and careful consideration should be paid to these 
variables in the current study. 
The study also found a general correlation that compared well with experimental data, 
between the wet length, the initial and the ambient conditions. The non-dimensional groups 
in their study are: 
A temperature ratio that includes the effect of relative humidity: 
 
𝛺 =
𝑇0,𝑑
𝑇𝑔 − 𝑇𝑤𝑏
 
(3) 
 
 
A flux ratio: 
 
𝛹 =
𝑘𝑔(𝑇𝑔 − 𝑇𝑤𝑏)
𝐷𝑢3𝜌𝑔
 
(4) 
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As well as the water-air mass flow rate ratio, Reynolds Number, Prandtl number and the 
initial concentration of salt. 
The correlation that they obtained is: 
 𝐿𝑤𝑒𝑡
𝐷𝑑,0
= 1345.5𝛺 − 1.7 × 104 (
?̇?𝑤
?̇?𝑔
)
−0.14
− 9.8 × 104 × 𝛹0.13 + 3.6 × 105 
(5) 
The study by Sadafi et al also conducted a sensitivity analysis on the influence of initial and 
ambient conditions on the cooling efficiency. They obtained Figure 18 by varying each 
parameter by 10%. Figure 18 indicates that the mass flow rate of the water and the relative 
humidity has the largest impact on the cooling efficiency. The graph shows that the initial 
droplet diameter has the smallest effect on the cooling efficiency. In their study Sadafi et al 
were able to change the initial droplet diameter independently of the mass flow rate and due 
to the mass flow rate remaining constant, only a small variation is expected. 
 
Figure 18 Influence of initial and ambient conditions on the cooling efficiency [11] 
 
Sadafi et al also obtained a correlation to predict the cooling efficiency of a spray system: 
 
𝜂𝐶𝑜𝑜𝑙𝑖𝑛𝑔 = 337.1𝑅𝑒
−0.1 + 1.89 × 105 (
?̇?𝑤
?̇?𝑔
)
1.48
− 136.8𝛹0.085
− 17.1(1 − 𝑐0)
0.79 − 31.4 
(6) 
The authors of the study used the two correlations to develop Figure 19. Figure 19 shows 
that if the shortest wet length and the highest efficiency is desired, a spray system should 
be designed to operate in the top left of the graph with high mass flow rates and small initial 
droplet sizes. 
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Figure 19 Constant mass flow rate and concentration curves with experimental results with ambient conditions 𝑇𝑔=40 °C, RH = 40% 
𝑢 = 1.5m/s [11] 
In a numerical study relating to gas turbines, Hain et al [29] found that attempting to reach 
100% final air saturation would lead to incomplete evaporation. Their study identified that 
smaller droplets evaporated first and thus cooled the local ambient air and increased the 
relative humidity thereby reducing the potential for larger droplets to evaporate. They 
therefore concluded that larger droplets can be completely evaporated by under-spraying 
(not targeting 100% saturation) however this leads to a decrease in overall cooling due to 
the decreased water mass flow rate.  
1.2.6.1 Ambient conditions 
All the studies that have been considered thus far have agreed that the ambient conditions 
are the most important factors when considering the design of a spray cooling system. As 
shown in field testing by Maulbetsch and DiFilippo [17], the wet bulb depression governs the 
maximum cooling effect. 
He et al [16] studied the effect of ambient conditions on the performance of NDDCTs. As 
can be seen in Figure 20 that they obtained, the relative humidity has a dramatic effect on 
the amount of water that can be evaporated.  
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Figure 20 Water evaporation rate of pre-cooling system [16] 
While working on gas turbine fogging systems, Chaker and Meher-Homji [30] noted that 
typically when developing an evaporative cooling system, designers would consider the 
average relative humidity and temperature. However, due to the daily variation in wet bulb 
and dry bulb temperatures, the actual wet bulb temperature and the dry bulb temperature 
should be considered at the time of intended operation of the cooling system. As can be 
seen in Figure 21, there is an increased potential for evaporative cooling during the hours 
of the day for which the spray cooling system is proposed. 
 
 
Figure 21 Daily variation of dry bulb and wet bulb temperatures [30] 
To further demonstrate the increased potential for evaporative cooling, the authors 
developed Figure 22 using historical data showing the increased wet bulb depression at high 
ambient temperatures. 
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Figure 22 Historical data for New Delhi, India. The relationship between DBT and WBT [30] 
In wind tunnel testing, Alkhedhair et al [7] found that a high number of droplets fell out of the 
air stream before they could be evaporated at low air velocities and cold inlet air 
temperatures. 
1.2.6.2 Air Velocity 
Alkhedhair et al [7] concluded that air velocity affects the residence time (the time the droplet 
is in the air stream before it completely evaporates, falls to the ground or reaches the heat 
exchanger) of the droplet, as such it would have a large influence on the spray cooling 
efficiency. The air velocity also affects the droplet dispersion, which determines the 
coverage area of the spray (Figure 23). The graph also indicates that a decrease in droplet 
size causes an increase in cooling efficiency. 
 
Figure 23 Modified spray cooling efficiency and estimated coverage area ratio at the outlet section downstream of the injection 
point for different velocities and different droplet size distributions [7] 
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1.2.6.3 Droplet Diameter 
While studying losses in irrigation systems, Molle et al [31] identified that droplets smaller 
than 1mm evaporated the most. 
Whereas Maulbetsch and DiFilippo [17] claim that in spray cooling applications, the effect 
of spray droplet size distribution and nozzle locations only had a minor effect on the cooling 
efficiency. However, their study lacked any scientific method of determining the droplet size 
and distribution. 
In a review of the literature, Sadafi et al [10] found that some researchers reported that 
complete evaporation was possible for small droplets. Wachtell [32] found that droplets 
20μm or smaller could be completely evaporated. While there is a difference in the initial 
droplet size that can be completely evaporated among the researchers, they argued that 
ambient conditions affect the evaporation rate as well as the initial droplet size of droplets 
that can be evaporated. 
Alkhedhair et al [7] also found that generally smaller droplets provided a larger coverage 
area at the same air velocity and thus increased cooling overall. Their experiment used 
nozzles that were unable to independently change the droplet diameter from water mass 
flow rate and therefore the effect of the change in mass flow rate cannot be removed from 
their study. Their results also show that a maximum coverage area ratio is approached as 
the droplet diameter decreases (Figure 23 and Figure 24). 
 
Figure 24 Spray cone angle and estimated coverage area ratio at the outlet section downstream from the injection point for 
different velocities and droplet size distributions [7] 
In their paper, Chaker et al [28] argues that the evaporation rate is closely related to the 
surface area of the droplet as evaporation can only occur at this boundary. They 
demonstrate that a 10μm droplet has 13% of the mass of a 20μm droplet. If the 20μm droplet 
is divided into 10μm droplets, the surface area would increase fourfold, therefore they 
conclude that the evaporation rate of smaller droplets would be higher. 
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As demonstrated by Chaker, Meher-Homji and Mee [28], an important consideration when 
designing a spray cooling system is the initial droplet size of the spraying system. The 
droplets in a spray have a wide range of diameters and by simply taking the arithmetic 
average of all the droplet diameters, would lead to a deceptively small number. As the 
evaporation of droplets depend largely on the surface area of the droplet, a more accurate 
measure of the droplet size of the spray is required. Therefore, the authors describe several 
statistical methods that can be used to determine a fictional droplet diameter that would 
better describe the behaviour of the droplets in an evaporation environment. Two of these 
methods as described by the authors that are used in this study are: 
Sauter Mean Diameter (SMD or D32) is the diameter of a hypothetical droplet whose ratio of 
volume to surface area is equal to that of the entire spray. Since it relates to the surface 
area, it is a good way to describe processes involving evaporation. To maximize the 
evaporation rate, the SMD should be as low as possible. 
Dv90 is a diameter for which 90% of the water volume in the spray is less than or equal to 
the total volume of the spray. If this number is small, it indicates that a few large droplets are 
present. By minimizing the value of Dv90, the possibility of collisions with objects and droplet 
fallout due to gravity are reduced. Figure 25 shows the importance of considering both the 
SMD and Dv90 when considering nozzles used in spray cooling. 
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Figure 25 Two droplet measurement histograms showing the importance of the use of both SMD and Dv90 [33] 
1.2.6.4 Flow rate 
As previously mentioned, Maulbetsch and DiFilippo [17] found that the largest factors that 
influenced the cooling effect achieved by a spray cooling system were the ambient 
conditions and the spray flow rate. 
In a further study [20], the authors calculated that they would require 11L/min for each 
degree of cooling effect in the system that they analysed. Their calculations showed that 
they required flowrates between 56L/min and 94L/min, but found that flow rates in between 
45L/min and 56L/min suffered from severe rainback. However, this study was conducted on 
an air cooled condenser where the airflow is driven by mechanical means. Therefore, the 
air flow velocities are higher and droplets have shorter residence times, which means there 
is less time available for droplets to evaporate. The authors also noted that the required flow 
rate determined the number of nozzles required, as each nozzle has a maximum flowrate 
that can be accommodated.  
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1.2.6.5 Nozzle selection 
In their study related to gas turbine fogging, Chaker et al [27] noted that the type of nozzle 
(impaction-pin or swirl-jet nozzle), the operating pressure of the nozzle (70 to 210bar(g)) 
and the nozzle capacity (7 to 18L/h) affected the droplet size distribution. Their 
recommended optimum nozzle was a nozzle that generated a fog with a Dv90 smaller than 
20μm. However, their studies related to gas turbines and the residence times in these 
systems are lower than that of NDDCTs. In their experience they found that CFD is a useful 
tool that determined the optimal position of nozzles and that the airflow velocity had a 
significant effect on the desired position of the nozzle.  
Chaker et al also considered the orientation of the nozzles with respect to the airflow 
direction. They found that a nozzle placed at 90° (perpendicular to the flow) only marginally 
increased the residence time when compared to nozzles at 0° (co-flow). However, nozzles 
placed at 90° did cause some of the water to coalesce on fogging system components due 
to the compactness of the system and therefore they recommended that angles between 0° 
and 60° are used. However, this system will be adapted for pre-cooling the inlet air of a 
NDDCT and therefore the spray cooling system would not have to be as compact, which 
allows different angles to be used. It should also be noted that gas turbine fogging systems 
requires a more compact system to ensure that the inlet airflow is cooled evenly, as an 
uneven temperature distribution could stall the air compressor. The authors of the study did 
not consider the use of an angle of 180° (counter-flow) as appropriate for use in gas turbine 
fogging applications, due to the coalescence of water droplets on the fogging system 
components. However, due to the much lower airflow velocity in NDDCTs, this configuration 
could still be studied in the current application.  
The following figures shows the plumes of different nozzle orientations as shown by Chaker 
et al [27]. 
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Figure 26 Co-flow nozzle orientation of a fog nozzle in wind tunnel [27] 
 
Figure 27 90° orientation of a fog nozzle in the wind tunnel [27] 
 
Figure 28 Counter-flow orientation of a fog nozzle in the wind tunnel [27] 
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In a different paper, Chaker et al [33] noted that a variety of factors should be considered to 
determine the most appropriate nozzle for the application. They argued that fewer nozzles 
could be used in the fogging system, which meant lower initial and maintenance costs. 
However, each nozzle would had to have a higher flow rate, which meant the system had to 
be operated at a higher pressure. The potential for larger droplets also existed as higher 
flow rate nozzles were associated with larger orifice diameters. 
In their work, Chaker et al considered two different types of nozzles, impaction-pin and swirl-
jet nozzles. An impaction-pin nozzle consists of a smooth orifice and an impaction pin above 
the orifice. Water is forced through the orifice at a high velocity and when the water makes 
contact with the pin, a thin conical sheet of water is produced. Due to surface tension the 
sheet breaks into smaller ligaments, which is further broken down into small droplets due to 
aerodynamic instabilities. An increase in supply pressure to the nozzle will increase the flow 
rate and decrease the droplet size produced by the nozzle. A swirl-jet nozzle operates by 
allowing the water to tangentially enter into the swirl chamber inside the nozzle, before 
discharging the water through the orifice where the water is broken up into ligaments and 
smaller droplets. Due to axial and radial forces acting on the water, an air core is formed in 
the swirl chamber. An increase in the supply pressure causes a decrease in droplet diameter 
until the axial forces overcome the radial forces and the nozzle operates in an open orifice 
manner. It should also be noted that the tangential forces in the swirl chamber induces 
frictional losses and therefore a swirl-jet nozzle requires a larger orifice when compared to 
an impaction-pin nozzle to achieve the same flow rate. Figure 29 shows that an impaction-
pin nozzle produces droplets with a smaller diameter independent of the location where the 
measurement is taken. 
 
Figure 29 Experimental comparisons between impaction pin and swirl-jet nozzles at varying pressures. Measurements taken at 
different locations in the plume[33] 
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Maulbetsch et al [17, 20] examined the possibility of designing a spray cooling system that 
could be operated at a lower pressure (and thus cost) than a turbine fogging system. They 
considered a variety of nozzle types but found that no clear distinction between the nozzle 
types existed. The nozzles tested achieved efficiencies over 70% as shown in Figure 30. 
 
Figure 30 Nozzle effectiveness vs Wet bulb depression [17] 
In a numerical study, Alkhedhair et al [34] found that an increase in the initial droplet velocity 
from 20m/s to 80m/s, a 15% improvement in cooling efficiency could be realised. The 
authors argued that the improvement is due to better spray dispersion. They concluded that 
the improvement in the spray dispersion resulted in an increase of the evaporation rate. The 
spray dispersion could be improved with a larger spray cone angle and higher initial droplet 
velocity. Therefore a spray pattern should be chosen where the droplet diameter increases 
towards the plume edge. 
Knowing that the choice of nozzle has a considerable impact on the potential evaporation 
rate of the spray cooling system, different nozzles were selected for this study. To consider 
the impact that different nozzle designs might have on the saline spray cooling system, three 
different types of nozzle were considered in the following phase of the study. The three types 
of nozzle that could be used in the study are: hollow cone, impaction pin and air atomising. 
However when comparing the amount of nozzles required in Table 1, it can be seen that 
many more air atomising nozzles would be required and would therefore not be feasible. So 
the nozzles that were chosen for this study are: Spraying Systems Co LNN1.5 (used in other 
researchers simulations) and BETE PJ15 (impaction pin type nozzle). 
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Figure 31 Swirl Hollow cone nozzle LNN from Spraying systems Co 
 
Figure 32 Impaction Misting nozzle PJ from BETE 
 
Figure 33 Air Atomizing, Pressure Fed, External Mix, Round Spray Nozzle XAER from BETE 
Table 1 Different types of commercially available nozzles 
Manufacturer Type Model Mass flow Pressure SMD Dv90 
      [kg/s] [bar] [μm] [μm] 
Spraying Systems Co MiniFogger 3 SU4.3N 0.001273 4 10.8   
BETE XA ER ER 050 0.002629 3     
Spraytech systems Misting nozzle   0.315475 3     
Lechler Series 136 616.xx.B2 0.001046 0.345     
Spraying Systems Co   LNN0.6 0.003300 70 28 70 
Spraying Systems Co   LNN1.5 0.008600 70 35 90 
Spraying Systems Co   M6 0.034000 70 60 150 
H. Ikeuchi & Co Ltd   10N 0.003400 100 33   
H. Ikeuchi & Co Ltd   16N 0.005500 100 37   
H. Ikeuchi & Co Ltd   22N 0.007600 100 40   
Steinen Ltd   A300 0.010000 34.4   40-60 
BETE   UM150 0.008000 80   65 
BETE   UM200 0.011000 80   73 
Spraying Systems Co Airjet fogger 23412 0.001362 4.1     
BETE PJ 15 0.021253 70 <50   
BETE PJ 20 0.021253 55.3     
BETE PJ 24 0.021253 24.8     
BETE L 40 0.088665 3.2     
BETE  MW 85 0.001694 70     
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1.2.6.6 Nozzle arrangement 
While studying wet cooling towers, Smrekar et al [35] demonstrated that optimising the spray 
arrangement in the cooling tower to a achieve a constant water/air mass flow rate ratio, the 
cooling tower efficiency could be increased by up to 5.5%. 
While conducting research on an air cooled condenser, Maulbetsch et al [17, 20]  found that 
flow rates and nozzle placements that reduce rainback also minimized the wetting of heat 
exchanger bundles. However, the authors also argued that more dominant variables such 
as spray flow rate and ambient conditions had a much larger effect on the evaporation rate 
of the spray than nozzle arrangement. Therefore, the results from testing different nozzle 
arrangements could easily be obscured.  
While studying different nozzle arrangements numerically, Sadafi et al [12] found that the 
cooling efficiency of the system could be increased by 2.05% and the temperature reduction 
improved by 10% by choosing the optimal arrangement of nozzles. Figure 34 shows the 
different configurations that they considered and Figure 35 shows the results of their study. 
 
Figure 34 Temperature contours in a perpendicular plane 3m from the nozzles [12] 
 
Figure 35 Cooling efficiency and mean temperature of different arrangements [12] 
The authors concluded that the nozzle arrangement had a weak effect on the wet length of 
the spray system and that nozzle arrangements which allowed for the greatest spray 
dispersion increases the cooling efficiency the most.  
 
Xia et al [36] considered a Vertically Arranged Nozzle (VAN) and a Horizontally Arranged 
Nozzle (HAN). Their study was conducted numerically, which allowed them to simulate a 
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variety of conditions that could be found in the NDDCT under development by the QGECE. 
Their study showed that VAN performed better than the HAN for the conditions under 
consideration. The results from this study also confirmed that the ambient conditions had a 
considerable effect on the evaporation rate of the spraying system with Relative Humidity 
(RH) having the largest impact. The authors also showed that an increase in the turbulence 
of the air stream, and therefore the spray coverage area, increased the evaporation rate. 
The increased evaporation rate lead to an improvement in the temperature drop caused by 
the spray cooling system. 
Significant work regarding spray cooling systems as they relate to small scale NDDCTs was 
carried out by Sun et al [37]. Their research was conducted using CFD software, that 
numerically determined the effect of different nozzle locations on the evaporation rate of 
pure water sprays. Their research found that if the sprays were placed at heights below 3m, 
as measured from the ground, most droplets would fall to the ground and therefore not 
contribute to a decrease in air temperature.  
The following diagrams are the results from their research that will influence the current 
study. 
 
 
Figure 36 (a) The nozzle arrangement at the inlet area of the NDDCT. H represents the height of the nozzle location (H= 0-5m), L is 
the extended length from the tower periphery (L=0-3m). (b) The enlarged diagram of the inlet part of the cooling tower, the heat 
exchanger surface is divided into three parts (A1, A2, A3) [37] 
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Figure 37 Temperature distribution at heat exchanger surface and the vertically middle plane for upward injections with the same 
nozzle height H=4.5m but different extended lengths L. (a) Injection case with L= 0.5m; (b) Injection case with L= 1m; (c) Injection 
case with L= 1.5m; (d) Injection case with L= 2m.[37] 
 
 
Figure 38 (a): Spray cooling effect in terms of mass-weighted temperature at the heat exchanger surface and the temperature drop 
relative to the ambient temperature. (b): Evaporated water flowrate and evaporated water fraction for various injections.[37] 
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Figure 39 (a): Spray cooling effect in terms of mass-weighted temperature at the heat exchanger surface and the temperature drop 
relative to the ambient temperature. (b): Evaporated water flowrate and evaporated water fraction for various injections.[37] 
 
 
Figure 40 (a): Spray cooling effect in terms of mass-weighted temperature at the heat exchanger surface and the temperature drop 
relative to the ambient temperature. (b): Evaporated water flowrate and evaporated water fraction for various injections.[37] 
The work done by Sun et al clearly shows that the nozzle position and direction has a 
considerable effect on the evaporation rates and therefore the temperature drop of the 
system. These findings are important to the current study as the highest possible 
evaporation rate is desired.  
1.2.6.7 Spray water temperature 
Another important factor that affects the evaporation rate is the temperature of the spray 
water [17]. In their study, Maulbetsch et al determined that the spray water temperature 
varied by 1.5°C and this temperature variation affected the exit air temperature by 
approximately 0.5°C, depending on factors such as the spray flow rate. Other authors [23] 
agreed that the spray water temperature should be at the wet-bulb temperature of the air to 
ensure that the cooling process is adiabatic. 
1.2.6.8 Other methods to reduce the impact of saline water on heat exchanger surfaces 
Another method to prevent droplet deposition onto heat exchanger surfaces was studied by 
Esterhuyse and Kröger [38]. Their method involved electrostatically charging the spray water 
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and having an electric charge with the same polarity on the heat exchanger. In their studies 
they found that by increasing the charge, the droplet deposition could be minimised, but not 
eliminated. An electrically charged system would also pose certain safety concerns. 
When considering ways to minimise the impact of corrosion while using saline water in spray 
cooling systems, Sadafi et al [11] also noted that the Condamine Power Station utilises a 
titanium condenser and fibreglass transmission pipelines and that surface treatments might 
reduce the risk of corrosion. However, their study focused on completely evaporating the 
spray stream. 
1.2.7 Literature review conclusion 
A significant amount of research has already been conducted on the mechanisms that affect 
the evaporation rate of spray cooling systems. However no studies have been completed 
that directly compares the usage of fresh and saline water sources for evaporative cooling 
using commercially available nozzles. The interaction between salt particles and heat 
exchanger surfaces have also been ignored to date. The novelty in the current study is the 
focus on the difference between the cooling effect that saline and fresh water sources have.  
1.3 Research questions and objectives 
Sadafi et al.[11] examined the available literature and found that little attention was given to 
the utilisation of saline water in spray cooling applications for NDDCTs. The authors of the 
study claimed that if it can be proven that saline water can be used for spray cooling it would 
benefit fresh water conservation efforts as well as improve power generation efficiency. 
Their study aimed to improve the knowledge base associated with using saline water in 
spray cooling. Their study showed that the usage of saline water spray achieves lower mean 
temperatures and a higher cooling efficiencies. 
However, previous studies have only been conducted using CFD simulations and these 
studies were validated in a wind tunnel. To date, no studies are available surrounding the 
use of saline water spray as spray cooling medium in an actual short NDDCT. None of the 
studies conducted thus far have considered the NaCl crystals that are formed during 
spraying and how these crystals will perform in a short NDDCT environment. 
The aim of this study will be to determine if saline water sprays are suitable for use as spray 
cooling in short NDDCTs. 
1.3.1 Objectives  
The main objective of this study is to investigate if saline water can replace fresh water in 
an inlet spray cooling system in renewable power plants using natural draft dry cooling 
towers. 
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The experimental study will mainly focus on the: 
 Identification of droplet size required to achieve full evaporation 
 Solid formation and characterisation  
 Effect of the solid on heat exchanger  
 Effect of saline water on nozzle performance and selection 
The study will also determine if the use of saline water significantly enhances the 
performance of the spray cooling system in a NDDCT.  
The result of the study will assist in determining if the usage of saline water will result in 
acceptable levels of water usage for pre-cooling with minimal additional capital expenditure 
or environmental impact. 
Other authors studying spray cooling systems have noted that solid formation during spray 
cooling could potentially be the largest flaw when replacing fresh water with saline water. 
This study will therefore attempt to determine the solid size after evaporation along with the 
solid flow path. The solid flow path will be analysed to determine if the solid particles are 
able to flow through the heat exchanger or if these particles are deposited onto the heat 
exchanger.   
 This study will achieve its objectives by: 
• Evaluating the effectiveness of saline water spray nozzle systems using numerical 3D 
models 
• Evaluating the effectiveness of saline water spray nozzle systems in the wind tunnel at the 
UQ Gatton Campus 
• Comparing the performance of candidate nozzles for achieving economic atomization of 
saline water droplets 
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1.3.2 Thesis layout 
 
Figure 41 Thesis layout 
  
•This chapter contains the background and literature. In this chapter the work of others 
is described. This chapter serves as the theoretical background of the thesis
Chapter 1 Introduction
•2.1 A one dimensional model of the cooling tower testing facility is presented. This part 
of the chapter is required to determine a range for parameters that will be studied in 
further chapters.
•2.2 A three dimensional model of the wind tunnel were tests will be carried out is 
developed. The results from this section is used in the following chapter
Chapter 2 Numerical modelling
•This chapter is used to describe the experimental setup. Details of the different 
equipment and procedures are given.
Chapter 3 Experimental setup
•After determining the applicable air velocities, temperatures and spray water flow rates 
in Chapter 2 and conducting experiments in Chapter 3, this Chapter presents the results 
of the experiments that were carried out.
Chapter 4 Results
•In the previous chapters of this thesis the usage of a fluid other than fresh water is 
considered, in particular the usage of saline water. As previous chapters have shown 
that a fluid other than fresh water could be used in evaporative cooling, this chapter 
considers that a different fluid could be used to achieve evaporative cooling of a NDDCT 
as well as the absorption of carbon dioxide from atmospheric air
Chapter 5 Concurrent Applications
•In this chapter the findings of the thesis is summarised.
Chapter 6 Conclusion
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CHAPTER 2 Numerical modelling 
The main objective of this study is to determine if saline water could replace fresh water in 
a spray cooling system. In this chapter of the study, the numerical studies that were carried 
out to determine the appropriate sizing of the spray cooling system is presented along with 
a numerical simulation of the wind tunnel. 
To determine the capacity and effect of the spray cooling system that could be installed in 
the QGECE NDDCT testing facility, a one dimensional model was developed in MATLAB. 
The positions of different subscripts used in the equations relating to the cooling tower can 
be seen in Figure 42.  
 
Figure 42 NDDCT with equation subscript locations [16] 
2.1 Tower 1-D Modelling 
2.1.1 Model and methods 
Extensive studies by Li et al.[6, 39] on the Natural Draft Dry Cooling Tower NDDCT testing 
facility is important to the current study. The work carried out by these researchers showed 
that the 1-D modelling methods reviewed by Kröger [15] and their own 3-D models deviated 
by less than 1.5% when the air outlet temperature and mass flow rate are compared. The 
researchers later carried out full scale experiments and found that by correcting the 
parameters in their model, the model compared well with the experimental data. The model 
developed by these researchers was then improved upon in this study. The new model 
allows the integration of meteorological effects which enables spray cooling in the model by 
using the methods set out in Kröger [15].  
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The basic draft equation that balances the buoyant airflow (the air inside the tower is less 
dense than the air surrounding the tower due to the temperature difference) with the frictional 
losses in the system can be written as: 
 ∆𝑝𝑡𝑜𝑡𝑎𝑙 ≈ (𝜌𝑎1 − 𝜌𝑎4)𝑔[𝐻5 − (𝐻4 + 𝐻3) 2⁄ ] = ∑ 𝑓𝑙𝑜𝑤 𝑟𝑒𝑠𝑖𝑠𝑡𝑎𝑛𝑐𝑒𝑠 
(7) 
Where 𝜌𝑎is the density of air and 𝐻 is the height, numerical subscripts relate to a specific 
position as seen in Figure 42. The numerical subscript 34 is the average value between 
position 3 and 4. Note that in the following section the pressure drop due to the evaporative 
cooler (evaporative media or spray cooling) is considered to be 0. 
Considering equations for the Dry Adiabatic Lapse Rate (the rate at which the Earth’s 
atmospheric temperature decreases with an increase in altitude) and taking into 
consideration the meteorological effects the draft equation can be written as: 
𝑝𝑎1 − [𝑝𝑎5 + (𝑚𝑎 𝐴5⁄ )
2 (2𝜌𝑎5)⁄ ]
=  (𝐾𝑡𝑠 + 𝐾𝑐𝑡𝑐 + 𝐾ℎ𝑒 + 𝐾𝑐𝑡𝑒)(𝑚𝑎 𝐴𝑓𝑟⁄ )
2
(2𝜌𝑎34)⁄
+ 𝑝𝑎2 [1 − {1 −
0.00975(1 + 𝑤2)(𝐻3 + 𝐻4)
(2(1 + 1.9𝑤2)𝑇𝑎2)
}
2.1778(1+1.9𝑤2) (𝑤2+0.622)⁄
]
+  𝑝𝑎4 [1 − {1 −
0.00975(1 + 𝑤4)(2𝐻5 − 𝐻3 − 𝐻4)
(2(1 + 1.9𝑤4)𝑇𝑎4)
}
2.1778(1+1.9𝑤4) (𝑤4+0.622)⁄
] 
(8) 
Were 𝑝𝑎is the air pressure, 𝑚𝑎 is the air mass flow rate, 𝐴 is the area, 𝑤 is the absolute 
humidity, 𝑇𝑎 is the air temperature and where the loss coefficients should be evaluated at 
the heat exchanger level (except the loss coefficient at the tower exit). 
The loss coefficient of the tower supports is given by:  
 
𝐾𝑡𝑠 =
𝐶𝐷𝑡𝑠𝐿𝑡𝑠𝑑𝑡𝑠𝑛𝑡𝑠𝐴𝑓𝑟
2
(𝜋𝑑3𝐻3)3
(
𝜌𝑎34
𝜌𝑎1
) 
(9) 
Where the following parameters relate to the tower supports, 𝐶𝐷𝑡𝑠 is the drag coefficient, 𝐿𝑡𝑠 
is the length, 𝑑𝑡𝑠 is the diameter and 𝑛𝑡𝑠 is the total number of tower supports. 𝑑3 is the 
diameter of the tower at position 3. 
The loss coefficient due to separation and redirection of flow at the lower edge of tower shell 
is given by: 
 𝐾𝑐𝑡 = (0.072(𝑑3 𝐻3⁄ )
2 − 0.34(𝑑3 𝐻3⁄ ) + 1.7)(𝜌𝑎34 𝜌𝑎3⁄ )(𝐴𝑓𝑟 𝐴3⁄ )
2
 (10) 
The loss coefficient due to the contraction of the airflow at the heat exchanger is given by: 
 𝐾𝑐𝑡𝑐 = (1 − 2 𝜎𝑐⁄ + 1 𝜎𝑐
2⁄ )(𝜌𝑎34 𝜌𝑎3⁄ )(𝐴𝑓𝑟 𝐴3⁄ )
2
 (11) 
Where the contraction ratio for parallel plates is given by: 
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 𝜎𝑐 = 0.6144517 + 0.04566493𝜎 − 0.336651𝜎
2 + 0.4082743𝜎3 + 2.672041𝜎4
− 5.9631𝜎5 + 3.558944𝜎6 
(12) 
The compaction ratio 𝜎 is taken as 0.7 for typical air cooled heat exchangers. 
The loss coefficient due to the expansion of the airflow at the heat exchanger is given by: 
 𝐾𝑐𝑡𝑒 = (1 − 𝐴𝑒3 𝐴3⁄ )
2(𝜌𝑎34 𝜌𝑎3⁄ )(𝐴𝑓𝑟 𝐴3⁄ )
2
 (13) 
The loss coefficient at the tower exit can be calculated by: 
 𝐾𝑡𝑜 =  −0.28𝐹𝑟𝐷
−1 + 0.04𝐹𝑟𝐷
−1.5 (14) 
By calculating the densimetric Froude number with the following equation: 
 
𝐹𝑟𝐷 =
(𝑚𝑎 𝐴5⁄ )
2
[𝜌𝑎5(𝜌𝑎6 − 𝜌𝑎5)𝑔𝑑5]
 
(15) 
Using the logarithmic mean temperature difference method the heat transfer equation can 
be written as: 
 
 
(16) 
Where the i subscripts refer to inlet conditions, o subscripts refer to outlet conditions, w 
subscripts refer to the properties of the water in the heat exchanger bundles and a subscripts 
refer to the properties of the air in the tower. 𝑈𝐴 is the overall heat transfer coefficient which 
is calculated by: 
 
𝑈𝐴 =
1
(1 ℎ𝑒𝑎𝐴𝑎⁄ ) + (1 ℎ𝑤𝐴𝑤⁄ )
 
(17) 
Where ℎ𝑒𝑎𝐴𝑎 is the effective airside heat transfer coefficient, 𝐴𝑤 is the internal area of the 
tube and ℎ𝑤𝐴𝑤 is the waterside heat transfer coefficient which is calculated by 
 𝑁𝑢𝑤 =  ℎ𝑤 × 𝑑𝑒 𝑘𝑤⁄  (18) 
Where 𝑑𝑒 is the effective diameter of the water tube and 𝑘𝑤is the thermal conductivity of the 
water and the Nusselt number of the water is calculated by 
𝑁𝑢𝑤 = ((𝑓𝑑 8⁄ )(𝑅𝑒𝑤 − 1000)𝑃𝑟𝑤[1 + (𝑑𝑒 𝐿𝑡𝑒⁄ )
0.67]) (1 + 12.7(𝑓𝑑 8⁄ )
0.5(𝑃𝑟𝑤
0.67 − 1))⁄  (19) 
Where 𝑓𝑑 is the friction factor inside the tube, 𝑅𝑒𝑤 is the Reynolds number (evaluated for the 
tube) and 𝑃𝑟 is the Prandtl number. 
 
To determine the airside heat transfer coefficient and the heat exchanger loss coefficient 
the following empirical equations were obtained from Li et al. [6] 
 
𝑅𝑒𝑎 =
(0.017316𝜌𝑎34𝑢𝑎)
𝜇𝑎34
 
(20) 
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Where 𝑢𝑎 is the average air velocity in the tower and 𝜇𝑎34 is the average dynamic viscosity 
of air through the heat exchanger. 
 𝐾ℎ𝑒 = 0.00005𝑅𝑒𝑎
2 − 0.0743𝑅𝑒𝑎 + 78.889 (21) 
 
 
ℎ𝑒𝑎𝐴𝑎 =
−0.0422𝑅𝑒𝑎
2 + 166.6𝑅𝑒𝑎
2.96
+ 22210 
(22) 
To ensure mass flow continuity in the system the following heat transfer equation also need 
to be evaluated: 
 𝑄 = 𝑚𝑎𝑐𝑝𝑎(𝑇𝑎4 − 𝑇𝑎3) = 𝑚𝑤𝑖𝑐𝑝𝑤(𝑇𝑤𝑖 − 𝑇𝑤𝑜) (23) 
 
 
 
Table 2 shows the difference between the original model and the model that is capable of 
handling moist air. Details of the cooling tower test facility can be found in [6, 39]. 
Table 2 Original model vs Moist air model 
 
2.1.2 Results 
The following figures are produced by the model. In the figures, the legend refers to the 
target relative humidity after the spray cooling. 40% relative humidity is the comparison case 
(no spray cooling) as all cases consider 40% as the initial relative humidity. 
Figure 43 shows that at the same ambient temperature the air mass flow rate is reduced 
due to the cooling of the air at the inlet. The airflow through a NDDCT is driven by the 
temperature difference between the temperature inside the cooling tower and the 
temperature of the surrounding air. Lower temperature differences will decrease the airflow 
through the tower. Figure 45 shows clearly that by spray cooling the inlet air, the temperature 
of the outlet air is also reduced. This reduction in outlet temperature also decreases the 
airflow and velocity (Figure 46) through the tower.  
Even though the airflow is reduced, Figure 44 shows that the heat rejection rate is improved. 
The increase in the heat rejection rate is due to the higher temperature difference at the heat 
exchanger level. Figure 44 also shows that by increasing the target relative humidity, the 
Original 
Model
Moist Air 
Model
% 
difference
Air mass flow rate [kg/s] 38.451 38.169 0.73%
Tower Outlet Temperature [C] 51.93 51.77 0.31%
Cooling water outlet temperature [C] 52.86 52.98 0.23%
Heat Rejection Rate [W] 462302 454802 1.62%
Tower Air velocity [m/s] 0.45385 0.45 0.85%
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heat rejection rate of the tower is increased further, due to a further increase in the 
temperature difference between the air and the heat exchanger. 
This model is used to determine the conditions present at the tower inlet. The conditions 
determined in this model will be used in further studies that will simulate the operating 
conditions that are expected in the tower.  
An important parameter to consider during planned wind tunnel testing is the average 
velocity at the inlet of the tower. Figure 47 shows the average velocity at the inlet of the 
tower, it shows that the average velocity in this area is expected to be low, with the maximum 
velocity (without any crosswinds) lower than 0.28m/s. This is much lower than other typical 
NDDCTs [15]. This lower average velocity can be explained by considering the tower inlet 
height. When comparing the tower inlet height to the tower total height, we see that for the 
small scale NDDCT at the testing facility, the inlet height is 25% of the total height. When 
considering the tower in 5.2.1, which is a typical NDDCT, the inlet height is only 11% of the 
tower height. This means that the inlet height of the tower at the testing facility could be 
lowered. Another ratio to consider is the inlet height to the tower inlet diameter. At the testing 
facility NDDCT, the inlet height is 39.9% of the inlet diameter where the typical NDDCT inlet 
height is 16.3% of the inlet diameter. This shows that the inlet air velocity of the testing 
facility NDDCT would be lower than the tower velocity. 
Another important parameter when designing a spray cooling system is the spray water flow 
rate. The required spray water flow rate and nozzle choice will determine how many nozzles 
are required to adequately cool down the inlet air. Figure 48 predicts a maximum spray water 
flow rate just above 0.13kg/s. This maximum can be explained by the specific humidity of 
the air and the air flow in the tower. When considering a psychrometric chart, it can be seen 
that the amount of water needed to increase the relative humidity between two specific 
values, increases as the ambient temperature increases. For example, to increase the 
relative humidity from 40% to 50% for 1kg of dry air at an ambient temperature of 20°C, 
requires the addition of 1.4531g of water, however if the ambient temperature is 30°C and 
the relative humidity of 1kg of dry air is increased from 40% to 50%, 2.656g of water would 
be required. As seen in Figure 43 the decrease in air flow rate in the tower is non-linear, 
therefore when the air flow rate is decreased enough it results in the maximum seen in 
Figure 48. It should be noted in Figure 48, the spray water flow rate is 0 for the relative 
humidity target of 40%, as the target relative humidity is the same as the ambient humidity. 
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Figure 43 Air mass flow rate in NDDCT testing facility for different spray cooling outlet relative humidity 
 
Figure 44 Heat rejection rate in NDDCT testing facility for different spray cooling outlet relative humidity 
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Figure 45 Tower outlet temperature at NDDCT testing facility for different spray cooling outlet relative humidity 
 
 
Figure 46 Air velocity inside NDDCT testing facility tower for different spray cooling outlet relative humidity 
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Figure 47 Average air velocity at the inlet of NDDCT testing facility tower for different spray cooling outlet relative humidity 
 
Figure 48 Evaporated spray water flow rate for different spray cooling outlet relative humidity 
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2.2 Tunnel 3-D modelling 
2.2.1 Model setup 
A 3D model simulation of the wind tunnel, where testing would be carried out with the 
selected nozzles, was developed. This model provides an initial starting point for 
experimental testing. The 3D model was developed in ANSYS workbench 18.1. The model 
uses the standard k-ε Model with Standard Wall treatment functions. The tunnel geometry 
under consideration has a 1m by 1m cross section and is 3m long. Figure 49 shows the 
generated mesh along with the orientation of the axes. In this model gravity acts in the 
negative Y direction. A velocity inlet boundary condition is set for the inlet of the model. The 
inlet velocity is 1m/s to simulate conditions that are expected in a large scale NDDCT, as 
the velocity calculated in Figure 47 is too low to accurately measure and control in the wind 
tunnel testing facility. The inlet temperature is set to 20°C and the inlet relative humidity is 
set to 44% to coincide with expected temperatures during testing. The inlet turbulent 
intensity is set to 5% and the turbulent viscosity ratio is set to 10. A pressure outlet boundary 
condition is used for the outlet with a Gauge Pressure of 0 Pa. The results from the grid 
independence test (Table 3) show that the area average temperature varies by less than 
0.15%, the relative humidity less than 2.4% and the mass flow rate less than 0.02% at the 
outlet plane. 
 
Figure 49 CFD model mesh for the wind tunnel which was used for spray testing 
Table 3 Wind tunnel Grid Independence test 
Number of 
Elements 
Outlet 
temperature 
[K] 
Outlet 
temperature 
percentage 
change 
Outlet 
Relative 
Humidity [%] 
Outlet 
Relative 
Humidity 
percentage 
change 
Mass flow 
rate [kg/s] 
Mass flow 
rate 
percentage 
change 
81900 292.59  48.252  1.32466  
375000 292.16 0.15 49.337 2.2 1.32439 0.02 
862488 292.6 0.15 48.187 2.39 1.32465 0.02 
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The nozzle representation method developed by Alkhedhair [40] for numerical modelling of 
spray cooling nozzles was used in the development of this model. A Eulerian-Lagrangian 
approach is applied and to model the turbulence effect, the time-averaged Navier-Stokes 
equations with the standard k-ε model were chosen. This method represents the nozzle as 
4 concentric circles by means of Discreet Phase Injections. These injections use the values 
obtained during the experimental studies for the mass flow rate, minimum diameter, 
maximum diameter, mean diameter and spread parameter of the Rosin-Rammler 
distribution. Details of the nozzle parameters are shown in Table 4. The nozzle is placed at 
the centre of the tunnel with respect to the X and Y plane of the tunnel and at a distance of 
0.5m from the tunnel inlet. Two 3D models were constructed in this study: one model uses 
pure water as the working fluid and the other model uses saline water. The saline model 
works by modifying the working fluid with the parameters set out by Sadafi [5]. The model 
simulates an initial concentration of 3% (by mass) of dissolved NaCl. The models set out by 
Sadafi requires material properties be set. The details of the three materials used in this 
simulation are shown in Table 5. It should be noted that only the H2O liquid material is set 
to evaporating species. The initial mass fraction values of the multicomponent discreet 
phase injection play an important part in the methodology set out by Sadafi. The details of 
the mass fractions used in this simulation is shown in Table 6. All wall boundary conditions 
are set to “escape” for discreet phase injection interactions. 
Table 4 Nozzle parameter details 
 Velocity 
magnitude 
[m/s] 
Cone 
angle 
[deg] 
Total flow 
rate 
[g/s] 
Minimum 
diameter 
[µm] 
Maximum 
diameter 
[µm] 
Mean 
diameter 
[µm] 
Spread 
Parameter 
Circle 1 13.6 16 0.6 40 150 117 2.7 
Circle 2 13.6 17 0.333 40 150 102 2.4 
Circle 3 13.6 25 0.583 40 150 121 3.4 
Circle 4 13.6 29 0.1667 40 150 128 3.62 
 
Table 5 Material parameter details 
Material Density 
[kg/m3] 
Specific 
heat [J/kg.K] 
Latent heat 
[J/kg] 
Vaporization 
temperature 
[C] 
Boiling point 
[C] 
Saturation 
vapour 
pressure 
[Pa] 
NaCl 2160 1759 394164 2346.85 3256.85 1328900 
H2O liquid 998.2 4182 2263073 10.85 99.85 Variable 
Air 1.225 1005 16113800 556.85 599.85 7889700 
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Table 6 Mass fractions of materials 
Material Mass Fraction 
NaCl 0.03 
H20 liquid 0.9699 
Air 0.0001 
 
2.2.2 Results 
The results of the model are summarised in Table 7. The table clearly shows that utilising 
saline water would provide an increase in the cooling efficiency. However, the table also 
shows that the proper selection of the nozzle orientation has a larger effect on the cooling 
efficiency. 
Table 7 Performance of spray cooling with different water sources 
  
Inlet 
temperature 
[C] 
Inlet 
humidity 
[%] 
Fresh water 
outlet 
temperature 
[C] 
Saline water 
outlet 
temperature 
[C] 
Cooling 
efficiency 
fresh 
water  
Cooling 
efficiency 
saline 
water 
Co-flow 20 44.2 19.44 18.99 7.90% 14.25% 
Counter-
flow 
20 44.2 
18.08 17.26 27.08% 38.64% 
Upwards 20 44.2 19.55 19.48 6.35% 7.33% 
Downwards 20 44.2 19.0862 18.35 12.89% 23.27% 
 
To determine the number of droplets that are completely evaporated, Figure 50 was 
constructed using FLUENT. To generate the image, the length of the geometry was 
increased to 6m to allow the maximum amount of water to evaporate. The figure shows how 
the diameter of the droplet changes along the path length. It should be noted that in this 
simulation it was found that no droplets evaporated completely, as evidenced by no droplets 
reaching a diameter of 0m on the graph. It should also be noted that most of the droplets 
are too heavy and fall out of the airstream as shown in Figure 51. 
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Figure 50 Droplet size vs path length 
 
 
Figure 51 Nozzle spray pattern as determined by colouring the particle tracks using the droplet diameter in meter as modelled in 
FLUENT. 
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CHAPTER 3 Experimental setup 
In this chapter the experimental setup to investigate inlet air spray cooling with saline water 
sources is described. The aim of the study is to determine if there is a difference in 
achievable cooling efficiencies, if the water source is changed. In this study, spray behaviour 
is investigated experimentally by varying the inlet air conditions, a number of spray 
characteristics and most importantly the water source. A wind tunnel test rig is used to 
simulate conditions that are typically expected in the inlet region of a NDDCT, to ensure that 
no solid particles are inadvertently released into the environment.  
Heat, mass and momentum transfer are associated with the two-phase flows present in a 
spray cooling environment. Other researchers found that carrying out experiments with two-
phase flows that involve droplet dynamics are costly and challenging. However, 
experimental investigations are required to provide a basis to validate numerical models. 
Experimental investigations are also used to further examine physical occurrences, which 
might not be apparent during numerical simulations. When selecting nozzles for spray 
cooling, nozzles that provide a high flow rate and small droplet size distribution are 
preferable but might not be available commercially. 
The University of Queensland (Gatton Campus) maintains a wind tunnel that is suitable for 
this study. A computer model of the wind tunnel is shown in Figure 52 and Figure 53 shows 
a photo of the exit diffuser of the wind tunnel. The wind tunnel setup and associated 
instruments available in this laboratory are illustrated in Figure 54 [40]. 
 
Figure 52 Computer model of the wind tunnel 
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Figure 53 A photo of the wind tunnel at the University of Queensland (Gatton Campus) 
 
Figure 54 Schematic diagram of the windtunnel incorporated with a spray nozzle and measurement instrumentation 
1=supports, 2=centrifugal blower, 3=computer, 4=data logger, 5=diffuser screens, 6= honeycomb, 7= 
settling screens, 8=spray nozzle, 9=filters, 10=return water collector, 11=water pump, 12=check valve, 
13=flow control, 14=direction control, 15=high pressure pump, 16=pressure relief, 17=exhaust fan, 
18=water tanks, 19= drift eliminator, 20= Heater, 21= transmitter, 22= receiver, 23= signal processer, 
24=Laser, 25= beam splitter, 26=Computer with FLOWSIZER software. R=humidity sensor, T=temperature 
sensor, V=air velocity sensor, P=pressure sensor. 
 
3.1 Experimental design 
The same experimental setup developed by Alkhedhair [40] is presented below. The wind 
tunnel is divided into separate sub-systems which are the air system, the water supply 
system and the spray system in a test section. The wind tunnel was designed and built to 
the following specifications: 
The wind tunnel test rig provides: 
 an area large enough to represent a sprayed section in a NDDCT  
 working section with a uniform air velocity 
 the facility to install various nozzles 
 be able to accommodate the laser diffraction sensors 
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 a water system that is capable of working at high water pressure (up to 20 MPa) 
 an air system capable of working at various air temperatures (Ta= 10 - 50 ˚C) 
 the capability to characterise water droplet size distributions 
 the instrumentation to measure the air temperature and relative humidity in the 
working section 
In addition the water system provides the capability: 
 to pressurize the supplied water (up to 20 MPa) 
 to control the spray nozzle flow rate 
 to remove unevaporated water from the working section 
 to easily change between water sources and supply filtered water to the spray 
nozzles 
3.1.1 Experimental Rig Set-up 
Overall, the wind tunnel is 10m long. The dimensions of the test section are: 1 m high, 1 m 
wide, and 5.6 m long. The wind tunnel is arranged horizontally, which would represent a 
NDDCT inlet section that will be sprayed by a single nozzle.  
A centrifugal blower powered by a variable speed motor is used to draw in ambient air 
throughout the experiment. Air is then passed through a diffuser equipped with plate screens 
made of perforated metal. Flow eddies are eliminated by a honeycomb structure and four 
woven nylon screens. The elimination of the flow eddies provides an air velocity profile which 
is uniform in the working section.  
The selected nozzle can be installed in two different ways in the working section. One 
method is to install one nozzle and direct it horizontally (due to space limitations) in a co-
current direction where the air and spray water are flowing in the same direction. The nozzle 
is installed at a height of 0.6 m and 0.55 m downstream from the contraction cone. This 
method is used when examining the cooling efficiency of the nozzle. To examine the droplet 
size distribution using the laser diffraction sensor, the nozzle is mounted to a vertically 
traversable cantilever beam that allows the entire spray plume to be characterised. After the 
test section, the wetted air is first scrubbed in the diffuser before being discharged by the 
exhaust section. One sump is provided in the middle of the test section and another at the 
end of the test section to drain unevaporated water droplets. To allow visual observation of 
the operating nozzle and the associated water spray, the test section side walls are made 
of transparent acrylic. Some of the test section side wall panels are removable to provide 
unobstructed access to the laser diffraction sensor as well as facilitating nozzle replacement. 
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3.1.2 Air System 
Air filters are used to sift incoming atmospheric air that is draw in by variable speed 
centrifugal blower fan powered by a 75kW electric motor. The digital frequency controller 
can control the fan speed in the 15-1650 rpm range. 
3.1.3 Water System 
The water system available at the testing facility is shown in Figure 55 and Figure 56. The 
water system is made up of three water tanks (one fresh water tank, one saline water tank 
and a tank with CSG water) (Figure 55 (a)) which are independently selectable, a high 
pressure water pump (Figure 55 (b)), and most importantly the spray nozzle with associated 
high pressure piping. During experimentation three different water sources were used. The 
first source was fresh water, obtained from the building’s potable water supply. Secondly, a 
saline water solution was obtained by mixing fresh water with NaCl to a concentration of 3% 
w/w to correspond to the solution used by Sadafi [11]. Thirdly, a concentrated sample of 
treated CSG water was obtained that was re-constituted by the addition of fresh water to 
obtain a concentration of Total Dissolved Solids (TDS) of 0.3%, which would be more 
representative of the samples found by Kinnon et al. [24]. While the experiment is carried 
out, water (fresh, saline or CSG) is pumped from the selected water tank to the spray nozzle. 
The high-pressure water pump is controlled by a variable speed drive, at maximum capacity 
the pump provides water at a pressure up to 20 MPa and flow rate up to 250 g/s. Due to the 
low flow rate requirements of the nozzles that were tested, the variable speed drive was set 
to 750rpm for all tests. A pressure relief valve is provided downstream of the pump to ensure 
the maximum allowable pressure of the system is not exceeded. To regulate the water flow 
rate, a bypass valve was installed which allows excess water to return to the appropriate 
water tank. Unevaporated water that accumulates on the tunnel floor, exits through the two 
drains located at the bottom of the tunnel from where it can be disposed of. 
 
Figure 55 Water system (a) water tanks (b) high pressure pump 
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Figure 56 Water system diagram 
3.1.4 Spray Nozzle system 
A variety of spray nozzles were used in this experiment, as nozzle selection is the most 
important component of any a spray cooling system design. During the literature review of 
this study, it was shown that droplet size distribution, flow rate and spray cone angle are the 
aspects that should be considered during nozzle selection. The end use of the nozzle limits 
the required droplet size, liquid flow rate and spray. In this study where spray cooling is 
studied, the typical requirement is that the droplet sizes are as small as possible to facilitate 
easy evaporation. Higher flow rates reduce the required number of nozzles in the system. 
Wider cone angles increase the penetration of the spray into the airstream, thereby reducing 
the number of required nozzles to fully cover the system. 
Three types of nozzles were selected for this experiment, hollow cone, impaction pin and 
proprietary hollow cone nozzle that has a spray angle of 180°. These nozzles are widely 
used in humidifying applications. Another factor when considering nozzles for this 
experiment was the work done by other researchers. Nozzles were selected to compare 
saline water sprays with fresh water sprays from their work. 
A key objective of this study was to determine if saline sprays could replace fresh water 
sprays. One of the obstacles of replacing fresh water sprays with saline sprays is the saline 
solids that are formed as the water evaporates. These solids could potentially damage heat 
exchanger surfaces. Conventional spray cooling approaches attempt to maximise the 
number of the water droplets that are completely evaporated. This would necessitate the 
use of a device that could collect the solids that are formed. An unconventional approach to 
spray cooling would be to select a nozzle that produces large droplets that do not evaporate 
completely and allows the droplets to accumulate on the walls and floor of the tunnel where 
they can be recirculated. As the water droplets do not evaporate completely in this approach, 
no solids are formed. The BETE TF8 nozzle was selected to gain further insight to this 
approach. Selecting this nozzle provided the opportunity to study the effect that maximum 
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coverage area and flow rate has on the cooling efficiency of a spray cooling system. It also 
provides insight into designing a spray cooling system that could be developed that achieves 
the same cooling efficiency and does not produce any saline solids. 
Firstly, the required water flow rate to achieve cooling to 80% of wet bulb temperature of the 
inlet air was calculated. To determine the water flow rate, the air mass flow rate must first 
be known with the inlet air ambient conditions (temperature and humidity). The amount of 
spray water needed is then calculated using the water vapour balance between the inlet and 
outlet air as shown in equation (24): 
 ?̇?𝑤 = ?̇?𝑎(𝑤𝑎,𝑜 − 𝑤𝑎,𝑖) (24) 
The specifications of the tested spray nozzles are summarised in Table 8. The three types 
of spray nozzles tested are shown in Figure 57, Figure 58 and Figure 59. Before and after 
pictures were taken to compare the effect that saline water has on the nozzles. 
Table 8 Tested spray nozzle specifications 
Nozzle Model Manufacturer Orifice 
Diameter 
[mm] 
Max 
pressure 
[bar] 
Max flow 
rate 
[L/min] 
1 LNN1.5 Spraying Systems Co 0.529 70 0.5179 
2 PJ15 BETE 0.373 70 0.705 
3 TF8 BETE 3.18 20 26.5 
 
 
Figure 57 Spraying Systems Co LNN1.5 nozzle 
 
Figure 58 BETE PJ15 nozzle 
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Figure 59 BETE TF8 nozzle 
3.2 Apparatus and instrumentation 
During the sets of experiments, the following variables were recorded: (1) air temperature, 
(2) air humidity, (3) air velocity, (4) spray droplet size distribution and (5) spray water 
pressure. More details are provided in this section about the instruments installed at the 
wind tunnel facility to measure these variables. Figure 60 shows a schematic overview of 
the locations where these instruments were installed. Details of the instruments are shown 
in Table 9.  
 
Figure 60 Schematic diagram of wind tunnel and sensor layout 
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Table 9 Wind tunnel sensor details 
Parameter 
measured 
Instrument Model Measurement 
Range 
Manufacturer 
accuracy 
Standard 
deviation 
Measurement 
location 
Air velocity Velocity 
transmitter 
FMA1001R-
V2, OMEGA 
Engineering 
0 – 5.08 m/s 1.5% of full 
scale 
0.008 m/s 1 sensor: 
550mm 
downstream 
from the inlet 
Air temperature Transition 
joint-style 
thermistor 
probe 
TJ36-44004-
/8-xx, 
OMEGA 
0-70°C ±0.2°C Inlet: 
0.17°C 
Outlet: 
0.19°C 
11 sensors: 2 
sensors 550m 
downstream 
of the inlet 
and 9 
arranged in a 
grid pattern 
3.55m from 
the inlet 
Air humidity Humidity 
transmitter 
EE-21-FT6-
B51, 
Elektronik 
GmbH 
0 – 100% 2% RH Inlet: 
0.6% RH 
Outlet: 
0.9% RH 
4 sensors: 1 
270 mm 
downstream 
from the inlet, 
3 sensors 3m 
from the inlet. 
Water pressure Pressure 
sensor 
P1600-3000 
Pace 
Scientific 
0 - 20.6 MPa 1% of Full 
Scale 
5 kPa 1 sensor: 
upstream 
from the 
nozzle 
Spray droplet 
size 
Laser 
Diffracto-
metry 
HELOS KF, 
Sympatec 
0.1 - 3500μm Maximum 
comparison 
standard 
deviation  
<5% 
- Laser beam 
set at a 
distance of 
0.2m from the 
nozzle 
3.2.1 Air velocity Measurements 
The inlet air velocity was allowed to reach a steady state for 10 minutes after initiating start-
up of the wind tunnel. One velocity sensor located in the same plane as the nozzle was used 
to monitor the uniformity of the velocity during testing. This air velocity sensor was a hot wire 
velocity/temperature anemometer (FMA1001R-V2, OMEGA Engineering, INC., 
Connecticut, USA). An additional handheld hot wire velocity anemometer (Velocicalc model 
9565 with 964 probe from TSI) was used periodically in the working section of the wind 
tunnel to ensure the uniformity of the velocity. 
3.2.2 Air temperature 
Inlet and outlet air temperatures were measured using 11 transition joint-style thermistors 
probes. The probes were the TJ36-44004-1/8-xx from OMEGA Engineering, INC., 
Connecticut, USA and have an accuracy of ±0.2 ºC. To measure the inlet temperature two 
thermistors were positioned at a distance of 270 mm downstream of the inlet, 500 mm above 
the tunnel floor and 350 mm on the left and right of the nozzle to measure the inlet 
temperature. 
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The outlet temperature was measured using a grid of 9 thermistors that are positioned at a 
distance of about 3m from the nozzle with different heights. Three bundles of 3 thermistors 
were placed at the positions shown in Figure 60. Each bundle consists of two thermistors 
that are 250mm long and one thermistor that is 500mm long to ensure a larger portion of 
the non-uniform flow is captured in the temperature measurements. 
3.2.3 Relative humidity measurements 
The relative humidity in the system was measured by four humidity transmitters. The 
transmitters that were installed were the EE-21-FT6-B51 from E+E Elektronik GmbH., 
Engerwitzdorf, Austria, the sensors have a range of 0-100 % and accuracy of 2% RH. The 
inlet air relative humidity was measured by one sensor positioned at a distance of 270 mm 
downstream of the inlet and 200 mm above the tunnel floor. The other three humidity 
sensors were installed at the same locations as the thermistor bundles. 
 
The wet-bulb temperature(°C) can be calculated from the measured dry bulb 
temperature(°C) and relative humidity (where a humidity such 12.3% is input as the number 
12.3) using the equation set out by Stull[41] with the mean absolute error less than 0.3°C: 
 𝑇𝑤𝑏 = 𝑇 tan
−1(0.151977(𝑅𝐻% + 8.313659)1 2⁄ ) + tan−1(𝑇 + 𝑅𝐻%)
− tan−1(𝑅𝐻% − 1.676331)
+ 0.00391838(𝑅𝐻%)3 2⁄ tan−1(0.023101𝑅𝐻%) − 4.686035 
(25) 
3.2.4 Drift eliminator 
Unevaporated water droplets have a negative effect on the thermistors and humidity 
transmitters. A PVC S-shaped drift eliminator (CF080MAX, CTMS, Melbourne, AU) was 
installed upstream of the thermistors to avoid direct contact between unevaporated droplets 
and the measurement devices. The eliminator works by providing an added resistance in 
the air stream and thereby straining out entrained droplets. Drift eliminators are employed 
in the cooling tower industry to control drift losses to less than 0.0005% of the flow rate in 
the tower [42]. The installation of a drift eliminator in the wind tunnel could affect the 
experimental results. The eliminator provides a surface area where droplets accumulate, 
and this increases the residence times of droplets, which increases evaporation rates. 
However, the goal of this study is to determine if saline water sprays would be a suitable 
replacement for fresh water sprays, therefore if both sprays are exposed to the same drift 
eliminator, the study will still be able to achieve its goal as both sprays will be exposed to 
the same increased surface area. 
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3.2.5 Water pressure and flow rate 
A series P1600-3000 pressure sensor from Pace Scientific Inc., Mooresville, USA was used 
to measure the water pressure in the pipe, directly before the pipework entered the working 
section. The pressure sensor has a working range of 0-20.6 MPa and accuracy of 1% of full 
scale. 
Due to the expected low flow rate in the system, the actual spray flow rate was determined 
using a bucket and a stopwatch technique. This technique was used instead of a flow meter 
as the range of the installed flow meter was too large to accurately measure the flow rate. 
As the water flow rate is a function of the feed pressure, the pressure and collected volume 
of water was recorded to develop a correlation that was then used to calculate water flow 
rate as a function of supply pressure. The following technique was used to determine the 
correlation: 
During testing, the pressurized water flows from the nozzle to a volume measuring cylinder 
to collect the water. The nozzle was covered with an empty pipe to minimise drift losses due 
to the small droplet size distribution. The nozzle was allowed to flow for a total of 2 minutes 
after which the total volume was measured and the average flow rate calculated. Each test 
was repeated 3 times to obtain the following charts (Figure 61, Figure 62). Figure 63 shows 
that the water source does not have any effect on the volumetric flow rate through the nozzle. 
 
 
Figure 61 Volumetric flow rate vs nozzle pressure chart for LNN1.5 and PJ15 nozzle 
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Figure 62 Volumetric flow rate vs nozzle pressure chart for TF8 nozzle 
 
Figure 63 Volumetric flow rate vs nozzle pressure for different water sources 
3.2.6 Droplet size distribution 
Spray characteristics play a significant role in droplet transport and evaporation, therefore 
being able to accurately measure the droplet diameters is vital to this study. Due to the non-
uniform nature of droplet sizes in sprays, the Rosin-Rammler distribution statistical function 
is typically used to describe the droplet size distribution[43]. 
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In this study, a Sympatec HELOS/KF laser diffraction sensor was used to measure the 
droplet diameters and the accompanying WINDOX 5 software running on a computer 
processed the data obtained from the sensor. A traversable cantilever beam was used to 
ensure the sensor could sample the entire spray plume. This same setup has been tested 
extensively by others and proven its repeatability[44]. The laser diffraction technique is 
based on the Fraunhofer diffraction theory where the intensity of light scattered by a particle 
is directly proportional to the particle size as shown in Figure 64. 
 
Figure 64 Laser diffraction schematic [45] 
3.2.7 Data Logger system 
All signals from the temperature, humidity, pressure and velocity sensors are recorded and 
stored through the data acquisition system (UEI DNA-PPC8-1G, United Electronic 
Industries, Inc.,Massachusetts, USA). A LabVIEW (National Instruments, Austin, TX) user 
interface is utilised to record the data from the data acquisition system, each test is allowed 
to reach a steady state for at least 10min after which a 10s sample is taken. 
3.2.8 Uncertainty analysis 
In his thesis, Alkhedhair [40] studied the uncertainty related to the instrumentation at the 
wind tunnel. He found that the uncertainty in the calculated cooling efficiency ranged 
between ±1.5% and ±3.7%, depending on the ambient conditions by using the guide set out 
by the Joint Committee for Guides in Metrology [46]. The procedure proposed by this 
specification can be summarised in the following manner: 
1. The relationship between the output value and the input quantities should be 
expressed mathematically, which in this case is Equation (1). 
2. An estimated value for the input quantities should be determined. In this study the 
values were determined by taking the average value for a period of at least 10 
seconds after the system was allowed to stabilise for at least 10 minutes (3.3.3). 
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3. A standard uncertainty should be determined for each input estimate. In this study, 
the manufacturer data was considered along with the layout of the equipment and 
the standard deviation shown in Table 9. Using the sensor standard deviation error, 
it can be shown that the combined standard uncertainty for Equation (25) is less than 
0.2°C and therefore mean absolute error of the equation is used for further 
uncertainty analysis. 
4. Calculate the result of the equation using each input estimate. 
5. Determine the combined standard uncertainty with the following formula, the 
combined standard uncertainty is the 
 
𝑢𝑐
2 = ∑ (
𝜕𝑓
𝜕𝑥𝑖
)
2
𝑢2(𝑥𝑖)
𝑁
𝑖=1
 
(26) 
Where 𝑢𝑐 is the combined uncertainty, 𝑓 is the function to determine the output value, 
𝑥𝑖 is the input quantity variable and 𝑢(𝑥𝑖) is the standard uncertainty of the input 
estimate. 
Using this methodology, it can be shown that for the range of conditions during 
experimentation the maximum value for combined uncertainty in the cooling 
efficiency was 6.39% with the average value 4.97%. However, if the calculated 
combined standard uncertainty for Equation (25) is used and the observed standard 
deviation of the thermistors (0.02°C), maximum value for combined uncertainty in the 
cooling efficiency reduces to 3.52% with the average value 2.75%. 
 
3.2.9 Calibration 
Calibration was performed to determine the deviation of the sensor from an accurate 
(standardised) device. The Labview software could then be programmed to account for this 
deviation and provide more accurate results. 
Before mounting the thermistors to the test section, they were calibrated over a range of 10 
to 60°C. A Fluke Field Metrology Well (Series 9142, Fluke Corporation, Washington, USA) 
was used for calibration. This temperature well produces calibration accuracies of ± 0.05 ˚C 
over a range of -25 ˚C up to 150 ˚C. The sensors are placed into the temperature well and 
are allowed to reach a steady state, the reference and sensor temperatures are recorded 
and used to develop calibration curves for the user interface. Figure 65 shows the calibration 
set-up for the temperature sensors. A sample of a calibration curve for thermistor 4 is given 
in Figure 66. 
 
61 
 
Figure 65 Calibration set-up of temperature sensors 
 
Figure 66 Calibration curve for thermistor 4 of the wind tunnel 
The two hot wire anemometers (one from Omega and one from TSI as in 3.2.1) were 
calibrated over a range of 0.2-2.4m/s using the Hot-Wire calibrator (Dantec Dynamics, 
Skovlunde, Denmark),as seen in Figure 67. 
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Figure 67 Hot-wire anemometer calibration 
3.3 Procedures 
The experiments were completed in three stages: The first stage determined the droplet size 
distributions of the nozzles, the second stage studied the air cooling efficiency while the third 
stage collected information on the formation of the solids. 
3.3.1 System start up 
1. Visually inspect the entire system for any defects (fan, pump, nozzle, sensors) 
2. Check data acquisition system operating, all sensors working and aligned 
3. Operate the fan 
4. Measure air velocity using the installed and hand-held hot wire anemometers 
5. Adjust the airspeed to required velocity 
6. Allow at least 10 minutes to ensure stability of the system 
3.3.2 Stage 1: Droplet size distribution 
1. Select nozzle for testing 
2. Install nozzle on traversable cantilever beam at location marked on Figure 60 
(approximately 1.5m downstream of the inlet) 
3. Ensure laser diffraction measurement plane is 0.2m downstream of nozzle 
4. Follow section 3.3.1 
5. Ensure appropriate water source is selected by operating the appropriate valves 
(Figure 56) 
6. Start the pump and adjust the operating pressure to the desired level 
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7. Allow at least 2 minutes to ensure system stability 
8. Start the laser diffraction measurement 
9. Ensure the entire plume of the nozzle is measured by traversing the nozzle from the 
top of the wind tunnel to the bottom of the wind tunnel 
3.3.3 Stage 2: Air cooling efficiency 
1. Select the nozzle for testing 
2. Install nozzle 550mm downstream of the inlet facing the desired direction 
3. Ensure drift eliminator is installed in the appropriate location 
4. Ensure appropriate water source is selected by operating the appropriate valves 
5. Follow section 3.3.1 
6. Start the pump and adjust the operating pressure to the desired level 
7. Allow at least 10 minutes to ensure system stability 
8. Record temperature and humidity measurements for at least 10 seconds using data 
acquisition system 
3.3.4 Stage 3: Solid formation 
1. Select the nozzle for testing 
2. Install nozzle 550mm downstream of the inlet facing the desired direction 
3. Ensure drift eliminator is installed in the appropriate location 
4. Cover drift eliminator in mesh 
5. Ensure appropriate water source is selected by operating the appropriate valves 
6. Follow section 3.3.1 
7. Start the pump and adjust the operating pressure to the desired level 
8. Allow spraying to continue for 2 hours 
9. Remove mesh and preserve for microscopic analysis 
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CHAPTER 4 Results 
4.1 Comparison of droplet diameter distributions 
Diameter distribution of droplets was determined by both 3D modelling and experimental 
study. The modelling result is shown in Figure 68. 
 
Figure 68 Result data from 3D model 
A plane was setup in the model 0.2 m from the outlet of the nozzle and this plane was used 
to sample the droplet diameters from the discrete phase (determine the average of all 4 
circles). The figure shows that there is no distinguishable difference in the droplet distribution 
between using fresh and saline water. Similar results were obtained during experiment as 
shown in Figure 69 
 
Figure 69 Changes in droplet distribution with changes in water source for LNN1.5 nozzle at 2MPa 
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However, there is a clear discrepancy between the experimental (Figure 69) and the 
numerical results (Figure 68), which can be explained by the method used to simulate the 
nozzle. In the 3D model, the nozzle was simulated by 4 concentric circles with the same 
mean Rosin-Rammler obtained by Alkhedhair [40] for all circles. A detail plot was setup 
comparing the different Rosin-Rammler distributions from the experimental results obtained 
by Alkhedhair [40] for the four injection circles was shown in Figure 70.  
Furthermore, included in Figure 70 are the experimental results from this study and a Rosin-
Rammler fitted curve (named “Experimental Rosin-Rammler” in the figure). A larger mean 
droplet size difference was shown between the four injection circles and therefore the 
numerical model should be updated to reflect this change in droplet distribution. 
 
Figure 70 Rosin-Rammler distributions 
4.2 Effect of evaporation on droplet diameter 
By updating the Rosin-Rammler distribution in the 3D model, a new hollow cone spray 
pattern (tracked droplet paths) as viewed from the side is shown in Figure 71 with the colour 
spectrum representing the diameters of the generated droplets. The figure clearly shows the 
larger droplets at the periphery of the hollow cone spray zone. It also shows that most 
droplets in the spray are too heavy to be carried by the airstream and therefore fall out of 
the airstream.  
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Figure 71 Nozzle spray pattern as determined by colouring the particle tracks using the droplet diameter in meter as modelled in 
FLUENT 
Figure 72 shows the diameters of the generated droplet parcels by FLUENT and how the 
diameters decrease as they move along their path in the airstream. To generate this image, 
the length of the computational domain was increased to 6m to allow the maximum amount 
of water to evaporate. It should be noted that in this simulation, it was found that only one of 
the thousand tracked droplets evaporated completely as evidenced by the single line 
reaching a diameter of 0m on the graph. The figure also shows that none of the droplets 
reached the maximum path length of 6m which means that all the droplets fall out of the 
airstream or evaporate under the current conditions. 
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Figure 72 Droplet size vs path length 
4.3 Comparison between selected water source cooling efficiency 
When comparing nozzle performance, cooling efficiency is an important parameter to 
consider. Cooling efficiency is defined in equation (1). 
Figure 73 shows the calculated cooling efficiency for a LNN1.5 nozzle tested at an average 
inlet temperature of 20.8°C and inlet humidity of 52.3%. The figure shows that there is a 
minor increase in cooling efficiency with increasing Total Dissolved Solids (TDS) or salinity. 
However, when considering only the central bundle of probes at the exit of the tunnel, the 
difference in cooling efficiency, as shown in Figure 74, is less as the airstream approaches 
saturation in this region.  
In this study three different water sources were used; fresh water, CSG water and saline 
water. To compare the effect that the salinity has on the evaporation of the water, it was 
necessary to firstly determine the difference in cooling efficiency that the saline and CSG 
water sources provide compared to fresh water. This difference can be seen in Figure 75. 
The figure also shows a benefit ratio which is defined as: 
𝛽 =
𝜂𝑠𝑎𝑙𝑖𝑛𝑒
𝜂𝑓𝑟𝑒𝑠ℎ
 (27) 
Where 𝛽 is the benefit ratio, 𝜂𝑠𝑎𝑙𝑖𝑛𝑒 is the cooling efficiency of the saline source, 𝜂𝑓𝑟𝑒𝑠ℎ is the 
cooling efficiency of the fresh water source. The trends in Figure 75 show that with 
increasing nozzle pressure, the benefit of using saline water is reduced. This reduction in 
benefit is due to the increased mass flow rate of water saturating the air as can be seen 
from Equation (6). It should also be noted that the CSG has a TDS of 0.3% and the saline 
water has a TDS of 3%, which means that at the lowest observed nozzle pressure, an 
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increase in salinity of one order of magnitude is required to double the benefit of using saline 
water when compared to CSG water. 
Inlet relative humidity has a much larger impact on the cooling potential than the water 
source selection, as shown in Figure 76. In Figure 76 the Y-axis shows the wet bulb 
temperature divided by the outlet air temperature as this is an indication of the relative 
position of the outlet temperature to the wet bulb temperature. This ratio would yield a value 
of 1 if the outlet temperature equals the wet bulb temperature. This is the maximum possible 
value as the outlet air temperature of an evaporative cooler cannot be lower than the wet 
bulb temperature. This method was chosen to represent the data as it shows the airstream 
with the higher initial relative humidity is the first to become saturated. Figure 76 indicates 
that the nozzle pressure becomes independent to the cooling effect when it researches 2 
MPa. Figure 77 shows that the cooling performance of the spray can be increased by 
changing the orientation of the nozzle with regards to the air flow. 
 
Figure 73 Calculated Cooling Efficiency values for different water sources using values from all probes 
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Figure 74 Calculated Cooling Efficiency values using only values from the central bundle of probes 
 
Figure 75 Effect of different water types on cooling efficiency 
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Figure 76 Ambient effects on cooling potential 
 
Figure 77 Effect of nozzle orientation on cooling efficiency 
4.4 Comparison between different nozzle types 
The importance of small droplet sizes in spray cooling has already been established and 
therefore the droplet size distributions for each nozzle at varying pressures were examined 
as shown in Figure 78 and Figure 79. When comparing Figure 78 and Figure 79 it should 
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be noted that the PJ15 nozzle produced droplets with smaller diameters at lower pressures, 
although, at a pressure of 1MPa, the droplet size distributions are similar (Figure 80). Even 
though the droplet size distributions are similar, the flow rate of the LNN1.5 nozzle is 64% 
of the PJ15 nozzle at this pressure. The higher flow rate achieved by this nozzle would be 
advantageous when designing a spray cooling system as fewer nozzles would be required. 
The cooling efficiency per flow rate in percentage per Litre per hour [%/(L/h)] was calculated 
and is shown in Figure 81. This figure shows that the mass flow rate is the largest factor that 
determines the cooling efficiency and that the ambient relative humidity has a large impact 
on the cooling efficiency of the nozzle while the water source has less of an impact. 
 
Figure 78 LNN1.5 nozzle droplet distributions for different nozzle pressures 
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Figure 79 PJ15 nozzle droplet distributions for different nozzle pressures 
 
Figure 80 Direct comparison of LNN1.5 and PJ15 nozzle at 1 MPa 
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Figure 81 Cooling efficiency per flow rate calculation for different nozzles 
4.5 TF8 Nozzle results 
The TF8 nozzle was specifically selected for its 180° spray pattern (Figure 82). This spray 
pattern allowed the nozzle to be installed in the same position as the other nozzles selected 
for this study while allowing water droplets to come into contact with the entire airstream. As 
this nozzle provides droplets with a larger size distribution (not quantified due to practical 
considerations), the droplets would not evaporate completely and could therefore be 
collected on the floor of the wind tunnel. This test represents a new approach to spray 
cooling design that allows CSG water to be utilised without the formation of solids (as 
droplets are not fully evaporated). This type of design offers an additional benefit of requiring 
less energy to produce the spray, as the system is run at a lower pressure. 
 
Figure 82 BETE TF8 spray pattern from manufacturer catalogue 
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Due to the limited drainage capacity of the wind tunnel, only one test was carried out using 
CSG water. The nozzle was operated at a pressure of 0.1MPa to ensure the sensors in the 
wind tunnel did not become adversely affected by the build-up of unevaporated water. The 
results from this test are shown in Table 10. The table also shows that the TF8 nozzle 
achieves similar results when comparing cooling efficiencies to the LNN1.5 nozzle. The 
cooling efficiency produced by the PJ15 nozzle was much higher due to the larger number 
of smaller droplets that provide an increased surface area that increases evaporation rates. 
Table 10 TF8 nozzle results 
Nozzle Nozzle 
pressure 
[MPa] 
Inlet 
temperature 
[C] 
Inlet 
Relative 
humidity 
[%] 
Average 
water 
volumetric 
flow rate 
[L/min] 
Outlet 
temperature 
[C] 
Outlet 
Relative 
humidity 
[%] 
Cooling 
efficiency 
[%] 
TF8 0.1 28.22 56.08 4.553 24.99 69.75 50.07 
LNN1.5 1 28.40 49.62 0.1795 24.97 66.29 45.55 
PJ15 1 28.69 48.54 0.279 22.36 76.04 81.49 
4.6 Fouling formation on nozzles 
One concern with using saline water for pre-cooling is the nozzle fouling and nozzle 
corrosion. Microscopic images of the nozzles were taken using a calibrated optical 
microscope (Leica EZ4 HD light microscope) before and after testing to determine if any 
significant corrosion or wear takes place at the orifice. As can be seen in Figure 83, no 
significant corrosion products are visible, and the orifice measurements are within 1% of 
each other after approximately 50 hours of testing. Figure 84 shows an image of the nozzle 
during operation and clearly shows the breakup of the spray only occurring a certain 
distance after the orifice of the nozzle. As it is unlikely that any evaporation will occur in this 
breakup region, it is unlikely that the dissolved solids would form a blockage in the nozzle 
orifice. 
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Figure 83 Nozzle before and after testing 
 
Figure 84 LNN1.5 nozzle during operation at a pressure of 1MPa using saline water, (a ) image taken with Canon G12 at a flash sync 
speed of 1/250 (b) image taken with Pentax K3 camera at a shutter speed of 1/8000 and spray illuminated by a sheet of laser light 
4.7 Deposit formation in airstream 
In an attempt to determine if any solid material from the saline water sprays would be caught 
on the surface of a heat exchanger, a drift eliminator was installed at the exit of the working 
section of the wind tunnel and covered with a fine mesh with a nominal opening of 0.2mm. 
As the drift eliminator would capture some of the solid particles (as seen in Figure 86), the 
mesh was installed upstream of the drift eliminator to catch the highest number of solid 
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particles. Blaze Orange Daylight Fluorescent pigment from Day-Glo Corp was mixed into 
the saline solution to help to identify with an ultraviolet light areas where saline particles 
might accumulate. Each mesh was sprayed for a total of 2 hours. Figure 85 (a) shows an 
image of the mesh in situ after testing, which was taken from inside the wind tunnel. The 
effects of the dye and saline mixture can be seen in orange. Darker orange areas are due 
to the moisture from droplets that were unable to completely evaporate (Figure 85 (b)). The 
incomplete evaporation is further evidenced by a further colour change in these areas, these 
areas resemble the same colour as the dry sections after enough time has elapsed to 
completely dry the mesh. The outlet of the drift eliminator was also examined under an 
ultraviolet light in Figure 86. The figure shows the presence of the dye on these surfaces 
which indicates that dry particles can be trapped on surfaces that appear to be smooth. The 
cavities in the drift eliminator are much larger than the voids between fins/tubes in typical air 
cooled heat exchangers, therefore a larger accumulation of solid material should be 
expected on the heat exchanger surfaces. To determine the exact amount of extra 
accumulation of solid material and the effect of this material on the heat exchanger would 
require further study that falls beyond the scope of the current study. 
 
Figure 85 (a) Mesh in wind tunnel under ultra violet light after testing as seen from inside of the tunnel. (b) Close up view of the wet 
and dry sections of the mesh 
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Figure 86 A roughly 180mm by 100mm section of Drift eliminator outlet after testing under ultra violet light 
The mesh was subsequently removed from the tunnel and examined under a calibrated 
optical microscope. After a visual inspection, areas that appeared to be the most affected 
were examined. Figure 87 shows an area of 3 mm by 2.5 mm from a clean mesh. Figure 88 
shows an area of the same size from the mesh affected by the dye and saline solid particles. 
When comparing Figure 87 and Figure 88, the growth of crystals on the mesh is clearly 
visible. An additional test was carried out using the CSG water with a new clean mesh. The 
examination of the mesh can be seen in Figure 89 and clearly shows the growth of crystals 
on the mesh. The presence of the crystals on the mesh shows the potential for solids to form 
on heat exchanger surfaces, which pose a fouling and possible corrosion hazard. A random 
set of 5 measurements were taken on each image to determine the width of the fibers in the 
mesh before and after testing. Only one image was taken for the clean mesh, two images 
of the saline mesh and four images of the CSG mesh which showed more irregular edges. 
The calculated average values listed in Table 11 indicate that the thickness of the thread 
affected by the CSG water was increased the most. 
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Figure 87 A 3mm by 2.5mm section of clean mesh 
 
Figure 88 A 3mm by 2.5mm section of mesh affected by dye and saline water 
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Figure 89 A 3mm by 2.5mm section of mesh affected by CSG water 
Table 11 Average measured thread thickness 
Mesh Unaffected Saline CSG 
Average thread thickness (nm) 126.6 147.6 160.75 
Thread thickness ratio to 
unaffected thread 1 1.166 1.27 
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CHAPTER 5 Concurrent Applications 
While carrying out research into different pre-cooling methods, it was found that some 
researchers used evaporative media to scrub CO2 from ambient air. The evaporative media 
forms the necessary surface area for wet scrubber contactors used to remove CO2 from 
ambient air. The evaporative media is commonly used in cooling tower applications. In this 
chapter of the study it is considered that pre-cooling of the ambient air can be achieved by 
evaporative media while providing a simultaneous benefit of providing the required surface 
area for the wet scrubber. 
5.1 Introduction 
In a report by the Intergovernmental Panel on Climate Change, the emissions of greenhouse 
gasses due to human influences has been identified as the most likely cause of observed 
warming since the mid-20th century[47]. To mitigate the consequences of these emissions, 
a variety of technologies have been proposed that could capture these emissions from the 
atmosphere[48]. As far back as 1946, Spector and Dodge proposed the removal of Carbon 
Dioxide (CO2) from air[49]. Most of these Direct Air Capture (DAC) systems that were 
proposed require the use of chemicals in a solution that bind selectively to CO2 and not to 
other atmospheric components (Oxygen and Nitrogen). One such technology uses sodium 
hydroxide that comes into contact with the atmosphere to selectively absorb CO2[50]. 
However, due to the low concentration of CO2 in atmospheric air, large volumes of air have 
to be processed. The CO2 is then released in a concentrated form using a process that 
regenerates the chemicals initially used to capture the CO2 [50]. Another proposed 
technique to realise DAC is using an anion exchange resin by influencing the humidity of 
the air [51]. 
After the CO2 is captured, two types of carbon management strategies exist – Recycling and 
Removal. In recycling management, the captured CO2 is recycled into useful products such 
as fuels (which are then deemed to be carbon neutral)[52, 53] and can be used in 
greenhouses to increase crop yields[54, 55]. In a removal strategy, the captured CO2 is 
sequestered in underground formations[56]. 
In a report by the American Physical Society[57], it is noted that capturing CO2 using DAC 
will cost more than point source Carbon Capture and Storage (CCS) at industrial facilities 
such as fossil fuel power plants. However, DAC can be applied to small and mobile emission 
sources such as those in the transportation sector where mitigation options are usually more 
expensive[58]. DAC is also capable of reducing global atmospheric concentrations if 
deployed on a large scale and combined with long term storage. 
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Issues surrounding the implementation of DAC systems include high energy usage. In their 
analysis of a DAC system, including the regeneration of the chemicals and compression of 
the product CO2, Zeman [59] found that 19.9% of the energy required in the DAC system 
was used in the air contactor to drive the air through the contactor. An additional 
complication in contactor design, is evaporative water losses from the solution to the air 
driven through the contactor. The water losses  range between 8 and 32 tons per captured 
ton of CO2[50]. It should be noted that all previous studies on a DAC systems were based 
on the system operating in isolation. It is the aim of the current study to determine if a DAC 
system could be coupled with an existing natural draft cooling system of power plant. This 
cooling system already provides the energy (which is usually considered waste heat) to 
move the air. The cooling system could also benefit from the evaporative cooling provided 
by the evaporation of water. 
Power plant cooling can be provided by different technologies. The two main technologies 
are wet cooling and dry cooling. Wet cooling can consist of a once-through system or cycling 
system such as a wet cooling tower. Both these systems require a large volume of water to 
operate. Dry cooling can be divided into two groups, mechanical draft and natural draft. In 
mechanical draft systems, large fans are typically used to provide the force to move the air 
through the heat exchanger. The air in natural draft systems is driven by the difference in 
density in the system, the so-called buoyancy effect. Since the efficiency of natural draft 
systems is influenced by the air dry bulb temperature, as such the performance of these 
systems may decline by as much as 50% [18] when the ambient air temperature is high. 
One method that can recover some of the diminished capacity of the cooling system 
operating at hot weather is by an inlet pre-cooling system that cools the incoming air by 
evaporating water [60]. Different evaporative cooling methods of inlet air exist including 
spray cooling (by nozzles) and wetted media evaporative cooling [7, 23], as shown in (Figure 
90). 
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Figure 90 Air pre-cooling in a natural draft cooling tower by wetted media [16] 
The operation of wetted media evaporative cooling is realised in the following manner. As 
shown in Figure 90, the entire inlet area of the tower is covered with wetted media. Water is 
distributed over the top of the media by distributor and dripped down by gravity and capillarity 
to wet the media uniformly. Excess water is collected at the bottom of the media and 
recirculated by pump. When the air is passed through the wetted media, the water 
distributed on the media evaporates by extracting the heat from the air stream and thus 
cools the air. The pre-cooled air then flows through the heat exchanger bundles to cool the 
tube-side fluid coming from thermal power plant.  
 
Large amounts of air will flow through the wetted media (Figure 91) for power plant cooling. 
The wetted media in the Figure 90 configuration could also be potentially used as contactor 
in DAC system. The main goal of this study is to determine if a DAC contactor based on a 
wet scrubbing design could be coupled with existing NDDCTs. 
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5.2 Materials and Methods 
5.2.1 Coupled System configuration 
 
Figure 91 Example of wetted media [22] 
The contactor component of the DAC system selected for this study is similar to the system 
built by Holmes et al [42]. The system is based on a sodium hydroxide solution flowing over 
wetted media used in cooling towers (Figure 91). The wetted media selected for this study 
is a cellulose medium which is commonly used in cooling ventilation systems such as those 
in greenhouses, warehouses and wet cooling towers in power plants. Proper selection of 
the wetted media is vital in cooling applications. The material should provide a large surface 
area and increase the residence time of the water in the airstream, thereby increasing heat 
and mass exchange [61]. The cellulose media used in this study provides a specific surface 
area of ξ=361.516 m2/m3. The media is also wetted at a constant rate of Qw = 0.128 l/(s.m2). 
The wetted media would be arranged in a circular pattern around the inlet of the cooling 
tower as in Figure 90. The sodium hydroxide solution is allowed to flow through the wetted 
media where it comes into contact with atmospheric air. When the solution comes into 
contact with the air, evaporation takes place, cooling down the air. The sodium hydroxide 
also reacts with CO2 in the air to form sodium carbonate, this reaction is shown in Equation 
(28)Error! Reference source not found.. Due to the dilute nature of CO2 in air, most of the 
sodium hydroxide solution will remain unreacted and collected in a sump at the bottom of 
the cooling tower. From this sump, a portion of the sodium hydroxide solution can be directly 
recirculated through the wetted media and water can be added to replace evaporation losses 
(called make up water). The sodium hydroxide and sodium carbonate solution can also be 
pumped from the sump to a facility where the solution is regenerated. In this facility, the CO2 
is captured and stored as pure CO2 (where the final purity of the CO2 will depend on the 
selected regeneration process). The regenerated solution can then be pumped back to the 
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cooling tower sump to repeat the process. This process is shown schematically in Figure 
92. 
 2NaOH(aq) + CO2(g) → Na2CO3(aq) + H2O(l) (28) 
      
 
Figure 92 Schematic overview of Direct Air Capture (DAC) process 
The technology used to regenerate the sodium hydroxide solution will not be considered in 
this study and it is assumed that any of the proposed technologies such as a lime and 
calcium carbonate causticisation cycle[59], sodium tri-titanate causticisation cycle[62] or 
electrolysis [63] can be used. 
 
The following table presents the design of a NDDCT that could be applied to any thermal 
power plant. Assuming a power plant operating at 40% efficiency with a generating capacity 
about 200MW, it will require the natural draft dry cooling tower of about 120 m based on the 
conditions listed in the table. 
 
This size of the natural draft cooling tower is used to couple with the DAC system in this 
study. 
Cooling Tower design conditions 
The atmospheric pressure 101.325 kPa 
Ambient air temperature 20 °C 
Ambient air relative humidity 20% 
Hot water mass flow rate 4390 kg/s 
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Hot water inlet temperature 60 °C 
Design heat rejection rate 296 MW 
 
Cooling tower specifications 
Tower height H5 = 120 m 
Tower inlet height H3 = 13.67 m 
Heat exchanger exit height H4 = 15.54 m 
Tower inlet diameter d3 = 83 m 
Tower outlet diameter d5 = 58 m 
Number of tower supports nts = 60 
Length of tower support Lts = 15.78 m 
Diameter of tower support dts = 0.5 m 
 
Heat exchanger specifications 
Hydraulic diameter of tube, de=0.0216 m 
Fin diameter df = 0.0572 m 
Effective length of finned tube Lte = 14.4 m 
Number of tube rows nr = 4 
Number of tubes per bundle ntb = 154 
Number of water passes nwp = 2 
Number of bundles nb = 142 
Apex angle of A-frame θ= 61.5°/2 
Total effective frontal area of bundles Afr = 4444.6 m2 
 
5.2.2 Numerical Modelling 
With the DAC system coupled into the natural draft dry cooling tower system, the CO2 
captured and the effect of the DAC system on the performance of the cooling tower has to 
be identified. 
A 1D model of a NDDCT was developed based on the methods set out by Kröger [60]. The 
original MATLAB code was initially used by Li et al [6, 39] on the experimental study with 
the NDDCT testing facility in the University of Queensland. Less than 1.5% error was 
reported by Li et al when comparing the 1-D modelling with Kröger’s results as well as their 
own 3-D models results of the air outlet temperature and mass flow rate. This MATLAB code 
was refined for the coupled NDDCT and DAC system analysis.  
 
The model requires that both the energy balance and draft equations be satisfied 
simultaneously for the CO2 capture and cooling performance calculation. The following 
assumptions are made in the model. The tower is in a steady state. Only the flow resistances 
of the tower support, heat exchanger, tower outlet and evaporative media are considered. 
Heat is only transferred into the system, in the heat exchanger area. 
The pressure drops in the system are: tower supports (Kts), heat exchanger compact 
resistance (Kctc), heat exchanger expansion resistance (Kcte), heat exchanger bundle 
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resistance (Khe), tower outlet resistance (Kto) and the pressure drop across the evaporative 
media (Δpmedia) 
The draft equation of the cooling tower can then be written, while also considering the Dry 
Adiabatic Lapse Rate and taking into consideration the meteorological effects, as: 
𝑝𝑎1 − [𝑝𝑎5 + (𝑚𝑎 𝐴5⁄ )
2 (2𝜌𝑎5)⁄ ]
=  (𝐾𝑡𝑠 + 𝐾𝑐𝑡𝑐 + 𝐾ℎ𝑒 + 𝐾𝑐𝑡𝑒)(𝑚𝑎 𝐴𝑓𝑟⁄ )
2
(2𝜌𝑎34)⁄
+ 𝑝𝑎2 [1 − {1 −
0.00975(1 + 𝑤2)(𝐻3 + 𝐻4)
(2(1 + 1.9𝑤2)𝑇𝑎2)
}
2.1778(1+1.9𝑤2) (𝑤2+0.622)⁄
]
+  𝑝𝑎4 [1 − {1 −
0.00975(1 + 𝑤4)(2𝐻5 − 𝐻3 − 𝐻4)
(2(1 + 1.9𝑤4)𝑇𝑎4)
}
2.1778(1+1.9𝑤4) (𝑤4+0.622)⁄
]
+ 𝛥𝑝𝑚𝑒𝑑𝑖𝑎 
(29) 
Where all the definitions are given in the Nomenclature table and the following definitions 
are given by Kröger[60] 
Heat exchanger loss coefficient is calculated by: 
 𝐾ℎ𝑒 = [(1383.94795 𝑅𝑦
0.332458⁄ ) + (2 𝜎2⁄ )((𝜌𝑎3 − 𝜌𝑎4) (𝜌𝑎3 + 𝜌𝑎4)⁄ )]
+ (2𝜌𝑎4(1 sin 𝜃𝑚⁄ − 1)) (𝜌𝑎3 + 𝜌𝑎4)[((1 sin 𝜃𝑚⁄ ) − 1) + 2𝐾𝑐𝑖
0.5]⁄
+ (2𝜌𝑎4𝐾𝑑) (𝜌𝑎3 + 𝜌𝑎4)⁄  
(30) 
Where the characteristic flow parameter is given by: 
 𝑅𝑦 = 𝑚𝑎 (𝜇𝑎34𝐴𝑓𝑟)⁄  (31) 
And the mean flow incidence angle is given by: 
 𝜃𝑚 = 0.0019𝜃
2 + 0.9133𝜃 − 3.1558 (32) 
And the downstream loss coefficient of an angled heat exchanger bundle is given by: 
 𝐾𝑑 = 𝑒
5.488405−0.2131209𝜃+3.533265×10−3𝜃2−0.2901016×10−4𝜃3 (33) 
The loss coefficient due to separation and redirection of flow at the lower edge of tower shell 
is given by: 
 𝐾𝑐𝑡 = (0.072(𝑑3 𝐻3⁄ )
2 − 0.34(𝑑3 𝐻3⁄ ) + 1.7)(𝜌𝑎34 𝜌𝑎3⁄ )(𝐴𝑓𝑟 𝐴3⁄ )
2
 (34) 
The loss coefficient of the tower supports is given by: 
 
𝐾𝑡𝑠 =
𝐶𝐷𝑡𝑠𝐿𝑡𝑠𝑑𝑡𝑠𝑛𝑡𝑠𝐴𝑓𝑟
2
(𝜋𝑑3𝐻3)3
(
𝜌𝑎34
𝜌𝑎1
) 
(35) 
The loss coefficient due to the contraction of the airflow at the heat exchanger is given by: 
 𝐾𝑐𝑡𝑐 = (1 − 2 𝜎𝑐⁄ + 1 𝜎𝑐
2⁄ )(𝜌𝑎34 𝜌𝑎3⁄ )(𝐴𝑓𝑟 𝐴3⁄ )
2
 (36) 
Where the contraction ratio for parallel plates is given by: 
 𝜎𝑐 = 0.6144517 + 0.04566493𝜎 − 0.336651𝜎
2 + 0.4082743𝜎3 + 2.672041𝜎4
− 5.9631𝜎5 + 3.558944𝜎6 
(37) 
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The compaction ratio 𝜎 is taken as 0.7 for typical air-cooled heat exchangers. 
The loss coefficient due to the expansion of the airflow at the heat exchanger is given by: 
 𝐾𝑐𝑡𝑒 = (1 − 𝐴𝑒3 𝐴3⁄ )
2(𝜌𝑎34 𝜌𝑎3⁄ )(𝐴𝑓𝑟 𝐴3⁄ )
2
 (38) 
The loss coefficient at the tower exit can be calculated by: 
 𝐾𝑡𝑜 =  −0.28𝐹𝑟𝐷
−1 + 0.04𝐹𝑟𝐷
−1.5 (39) 
 
By calculating the densimetric Froude number with the following equation: 
 
𝐹𝑟𝐷 =
(𝑚𝑎 𝐴5⁄ )
2
[𝜌𝑎5(𝜌𝑎6 − 𝜌𝑎5)𝑔𝑑5]
 
(40) 
Using the logarithmic mean temperature difference method and a correction factor FT as 
calculated by heat exchanger type by Kröger, the heat transfer equations can be written as: 
 
𝑄 = 𝐹𝑇 × 𝑈𝐴
(𝑇𝑤𝑜 − 𝑇𝑎3) − (𝑇𝑤𝑖 − 𝑇𝑎4)
ln [
𝑇𝑤𝑜 − 𝑇𝑎3
𝑇𝑤𝑖 − 𝑇𝑎4
]
 
(41) 
and evaluating the following equation to ensure the continuity of the mass flow. 
 𝑄 = 𝑚𝑎𝑐𝑝𝑎(𝑇𝑎4 − 𝑇𝑎3) = 𝑚𝑤𝑖𝑐𝑝𝑤(𝑇𝑤𝑖 − 𝑇𝑤𝑜) (42) 
Where the overall heat transfer coefficient is given by: 
 1
𝑈𝐴
=
1
ℎ𝑤𝐴𝑤
+
1
ℎ𝑒𝑎𝐴𝑎
 
(43) 
 
And the airside heat transfer coefficient is given by: 
 ℎ𝑒𝑎𝐴𝑎 = 𝑁𝑦(𝑘𝑎34𝐴𝑓𝑟𝑃𝑟𝑎34
0.333) (44) 
The characteristic heat transfer parameter of the heat exchanger is given by: 
 𝑁𝑦 = 383.617313𝑅𝑦0.523761 (45) 
 
 
The Nusselt number of the water is given by: 
 𝑁𝑢𝑤 =  ℎ𝑤 × 𝑑𝑒 𝑘𝑤⁄  (46) 
And 
𝑁𝑢𝑤 = ((𝑓𝑑 8⁄ )(𝑅𝑒𝑤 − 1000)𝑃𝑟𝑤[1 + (𝑑𝑒 𝐿𝑡𝑒⁄ )
0.67]) (1 + 12.7(𝑓𝑑 8⁄ )
0.5(𝑃𝑟𝑤
0.67 − 1))⁄  (47) 
According to [64] 
 
Franco et al[61] presents the following equations for evaporative media: 
The Nusselt number of the air is given by: 
 𝑁𝑢 = 0.172(𝑙𝑒 𝑙⁄ )0.32𝑅𝑒0.85𝑃𝑟
1
3⁄  (48) 
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The pressure loss experienced by the airflow through the media is given by: 
 𝛥𝑝𝑚𝑒𝑑𝑖𝑎 = 0.768(𝑙𝑒 𝑙⁄ )
−0.469(1 + 𝑄𝑤𝑚𝑒𝑑𝑖𝑎
1.139 )𝑢𝑚𝑒𝑑𝑖𝑎
2  (49) 
With the following evaluated at the average dry-bulb temperature through the evaporative 
media: 
The characteristic length is given by: 
 𝑙𝑒 = 𝑉 𝐴𝑠⁄ = 𝜉
−1 (50) 
The air velocity through the media is given by: 
 𝑢𝑚𝑒𝑑𝑖𝑎 =
𝑚𝑎
𝜌𝑎𝐴𝑚𝑓𝑟
 (51) 
The Reynolds number of the air through the media is given by: 
 
𝑅𝑒 =
(𝑢𝑚𝑒𝑑𝑖𝑎𝑙𝑒)
𝜈𝑎
 
(52) 
The Nusselt number of the air is given by: 
 
𝑁𝑢 =  
ℎ𝑙𝑒
𝑘𝑎
 
(53) 
The air outlet temperature of the evaporative media can be given by [16]: 
 
𝑇𝑎2 = 𝑇𝑤𝑏1 + (𝑇𝑎1 − 𝑇𝑤𝑏2)𝑒
(
−ℎ𝜉𝑙
𝜌𝑎𝑢𝑚𝑒𝑑𝑖𝑎𝑐𝑝𝑎
)
 
(54) 
 
Prediction of CO2 capture 
 
The first order absorption of CO2 can be given by the following equation according to 
Astarita[65] 
 𝐽𝐶𝑂2 = √𝐷𝐿𝑘𝑑[𝑂𝐻−]𝐾𝐻𝜌𝐶𝑂2 (55) 
 
 
Where assuming the hydroxide ion concentration is limited by the type of process used to 
regenerate the initial solution, the following values can be obtained from the references. 
DL 1.78 x 10-9m2/s [66] 
kd 6745 L/mol.s [65] 
[OH-] 1 mol/L [67] 
KH 0.79 (mol/L)water/(mol/L)air [68] 
In this study the average concentration of CO2 in the media is calculated by determining the 
inlet and outlet concentration of CO2 and then determining the average of these two values. 
The initial atmospheric concentration of CO2 is assumed to be 400ppm[69]. The MATLAB 
code uses an iterative procedure to calculate the outlet concentration of CO2. 
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High ambient temperatures have a detrimental effect on the performance of a NDDCT [6], 
therefore in this study, the ambient dry bulb temperature will be varied and a relative humidity 
of 20% will be used initially to simulate conditions in arid regions where NDDCTs are likely 
to be built. 
5.3 Results 
An important design parameter of a contactor coupled with a NDDCT would be the thickness 
of the evaporative media, as the thickness affects the pressure drop and surface area of the 
media. In the model, the thickness of the evaporative media could be altered to provide a 
larger surface area for evaporation and absorption of CO2, as shown in the following graphs. 
Figure 93 shows a definite increase in absorbed CO2 percentage with an increase in media 
thickness (media thickness is in meter in the figure). 
 
Figure 93 Figure showing absorbed CO2 percentage with different media thicknesses (m) 
Due to the assumption that the initial concentration of CO2 is 400ppm, the results shown in 
Figure 93 are based on the constant volume of the air flow through the cooling tower.  In a 
dry cooling tower system, the ambient temperature has great effect on the air mass flow rate 
of the cooling system. Therefore, the flow rate of the absorbed CO2 decreases with the 
increase of the ambient temperature as shown in Figure 94. It also shows that the absorbed 
CO2 flow rate depends largely on the thickness of the wetted media that is used, due to the 
increased surface area provided by the thicker media. 
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Figure 94 Figure showing the absorbed CO2 flow rate with different media thicknesses 
However, increasing the media thickness also increases the pressure drop over the media 
which decreases the air mass flow rate as in Figure 95. In Figure 96 the pressure drop due 
to the wetted media can be seen as a percentage of the total pressure drop in the NDDCT. 
The figure shows that the pressure drop due to the wetted media is significant as it makes 
up between 30% and 45% of the total pressure drop. 
 
Figure 95 Air mass flow rate in NDDCT 
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Figure 96 Wetted media related pressure drop as a percentage of the NDDCT total pressure drop 
The calculated maximum absorption rate of CO2 in this study is 1.056kg/s. By assuming the 
system runs 24hours a day and 7 days a week and an availability factor of 80%, the total 
CO2 captured equates to 0.0266Mt/year. In the proposed design by Holmes et al.[58], which 
has a surface area that is 50 times larger and uses a capture fraction of 75% (it should be 
noted that the decay absorption rate is exponential due to the diminishing levels of CO2) and 
an atmospheric concentration of CO2 of 400ppm, a capture rate of 0.1Mt/year was achieved. 
The capture rate should also be compared with other alternative carbon capture strategies 
such as afforestation where CO2 is stored in the form of biomass at a rate of 500 tons of 
CO2 per century per hectare of land depending on the species that are planted[57]. 
Assuming the same value of 80 USD/MWh and a fan efficiency of 56% used by Holmes [58], 
the annual savings in electricity can be calculated to be USD398000. 
The issue of significant water loss during the cooling process has already been highlighted 
as a major concern. In this study the evaporation rate was calculated to be between 30 and 
44 kg/s if the ambient temperature is varied between 15 and 40°C and the relative humidity 
is kept at 20%. Considering the changing evaporation and CO2 absorption rate, the 
consumption of water per ton of CO2 varied between 30 and 44tons of water which is higher 
than the values calculated by Stolaroff[50]. The consumption of water dropped to between 
14 and 19 tons of water per captured ton of CO2 if the ambient humidity is set to 60%. In the 
current study, it can be shown that if the thickness of the evaporative media is 1m, the air 
exiting the evaporative cooler is nearly saturated and therefore any further increases in the 
thickness of the media would not increase the evaporation rate. 
Assuming the flow rate of Qw = 0.128 l/(s.m2) that needs to be supplied to the evaporative 
media is constant, the maximum thickness of the evaporative media is 1m and that the 
provided surface area is fully wetted, a total solution flow rate of 0.460m3/s can be 
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calculated. This value agrees with the recommendation by Wang [70] to supply a flow rate 
between 10 and 30 times the evaporation rate. However the flow rate can be reduced further 
as in their study Holmes et al. [42] patented a pulsing technique to reduce the average flow 
to 10% of the manufacturer’s requirement to ensure the surface of the media is continuously 
wet. 
The coupling of these systems has the following effects on the cooling performance of the 
NDDCT. Decreases in the air mass flow rate could cause the decreases in the heat rejection 
rate in a cooling tower. However, the inlet temperature (Figure 97) also decreases due to 
evaporative cooling. The combined result is that the heat rejection rate is increased, as seen 
in Figure 98. This study also agrees with He et al.[16] that a critical temperature exists where 
a media evaporative cooler hinders the performance of the NDDCT, this critical temperature 
is dependent on the ambient relative humidity. In Figure 98, where the relative humidity is 
20%, the critical temperature when the media is 1m thick is around 16°C and when the 
relative humidity is 60% the critical temperature is 33°C (Figure 99). 
 
Figure 97 Temperature after pre-cooling 
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Figure 98 Heat Rejection rate in NDDCT with ambient relative humidity of 20% 
 
Figure 99 Heat rejection rate of NDDCT with ambient relative humidity of 60% 
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CHAPTER 6 Conclusion 
6.1 Numerical analysis and experimental investigation 
The main objective of this study was to determine if saline water could replace fresh water 
in a spray cooling system designed for use in a natural draft dry cooling tower. This study 
found that saline water could replace fresh water in such a system, however, fouling of the 
heat exchanger surfaces are likely. This study used numerical analysis and experimental 
investigation to reach this conclusion. 
A numerical 3D model was developed to compare the advantages and disadvantages of 
using saline and fresh water in a spray cooling system. No distinguishable difference in 
droplet size distribution was observed, which matched well with the experimental results. 
Both the numerical and the experimental results showed that the cooling efficiency was 
increased by spraying saline water at the selected ambient conditions. However, other 
design factors ,such as nozzle orientation related to the air flow direction, have a greater 
influence on the cooling efficiency.  
While using saline water for spray cooling in a cooling tower application can save fresh 
water, there exists a possibility of increased corrosion rates on heat exchanger surfaces. 
The increase in corrosion rate would be caused by the deposition of solid particles on the 
heat exchanger. This is evidenced by the presence of fouling found at the mesh installed at 
the exit of the wind tunnel in this study. When comparing the thread thickness of the installed 
mesh before and after spraying, the mesh thread thickness increased by 27% on average 
after 2 hours of spraying CSG water. Therefore, further study is required to determine if solid 
particles will be deposited onto actual heat exchanger surfaces. Having said that, the 
proposed spray cooling system relies on short period of spray cooling. The system would 
only be used during the hottest part of the day of the hottest part of the year, which means 
the system could be used for as little as a fortnight over a year. It is anticipated that the heat 
exchangers can self-clean as they are exposed to rain which is more prevalent during the 
Australian wet summer season. This can significantly reduce the risk of corrosion as the 
deposited salt will be washed off with the next rain. It should be noted that, the mass 
concentration in the CSG solution is only 0.3 percent hence the overall risk of fouling and 
heat transfer deterioration can be categorized as low. 
The droplet size distributions of commercially available nozzles were examined during this 
study. It was found that even at high pressures the nozzles still produced droplets larger 
than 50μm. This droplet diameter has been reported by other researchers as the maximum 
droplet size that could be evaporated completely at the conditions expected in the cooling 
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tower inlet. Therefore, the entire spray plume would not be able to completely evaporate if 
these nozzles were used. 
6.2 Concurrent applications 
The natural draft dry cooling tower with wetted media pre-cooling used in thermal power 
plants is a good candidate for CO2 capture, based on the DAC system similar to the one 
built by Holmes et al.[42].  
The proposed coupled system provides a much lower cost system for CO2 capture without 
extra equipment and energy cost related to the conventional DAC system. 
If a coupled system is designed, both CO2 captured and the cooling tower performance 
needs to be taken into account. When designing an evaporative cooling media layout in 
combination with a NDDCT, it requires that a trade-off be made between the thickness of 
the media and the effect of resistance on the natural draft through the tower. Thicker sections 
of cooling media provide larger surface areas for cooling and absorption, but also increases 
the pressure drop in the system which reduces the buoyancy driven flow of the cooling tower.  
An evaporative cooling media system was chosen for this study as it provides an easily 
determinable surface area for cooling and absorption which is central to the main objective 
of this study. However, it would be possible to increase the performance of a coupled 
contactor and NDDCT. By utilising a contactor that is composed of sprays such as the one 
proposed by Stolaroff et al.[50], the pressure drop due to the evaporative media can be 
eliminated. Such a system would still provide the necessary evaporative cooling and contact 
area with atmospheric CO2 and would have a lower associated pressure drop. 
The 1D MATLAB model shows that depending on the ambient conditions, it is possible to 
increase the heat rejection rate of the NDDCT by utilising evaporative cooling media. The 
evaporative cooling media simultaneously provides a large surface area to absorb CO2 from 
the atmosphere, and therefore the coupling of a contactor and NDDCT will be cost effective.  
Based on the analysis for a 200MW power plant cooling system, a total of about 27000 t 
CO2 can be captured per year without any negative effect on the power plant performance. 
6.3 Future work 
The most important factor when considering the usage of saline water in spray cooling would 
be solid formation. During experiments in this study, solid particles from the air stream were 
captured using a fine mesh. However, further study is still required to determine the effect 
that these solid particles would have on actual heat exchanger surfaces. Therefore, further 
studies should be carried out on actual heat exchanger surfaces with these surfaces heated 
to working conditions. 
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As with other studies, the current study found that ambient conditions have a large impact 
on the evaporation rate of the spray water. The ambient conditions also affect the wet length 
of the spray system. Using commercially available nozzles also produced large droplets that 
were unable to evaporate completely, which poses an increased likelihood of fouling and 
corrosion if these droplets were exposed to heat exchanger surfaces. Additional benefits 
can be observed, if a spray cooling system could be designed, that produces very large 
droplets that fall out of the air stream. These droplets can then be collected to be recirculated 
in the spray cooling system. One of the benefits would be that a lower quality water source 
(CSG water) could be used. An additional benefit would be that no fine solid particles form 
that could impact on the heat exchanger surfaces. Some testing was carried out in this study 
to determine if such nozzles could be used. However, due to the limited drainage capacity 
in the wind tunnel, the testing was not extensive and therefore further testing is required.  
A spray cooling system design that allows the collection and recirculation of very large 
droplets would further improve the possibility of coupling a NDDCT with a contactor to 
remove CO2 from ambient air. By eliminating the evaporative media from the coupled 
design, an improvement in the air mass flow rate would be noticeable. Further study is 
required to determine the suitability of coupling a contactor with a NDDCT in areas such as 
the optimal size of the spray cooling system and concentration of CO2 absorbing solution. 
An additional area of interest in this regard would be the required purity of the make-up water 
used in the coupled system, as there would be an economic advantage if industrial waste 
water (eg. CSG water) could be used. 
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